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Abstract
This thesis details research into several of aspects of organoruthenium complexes 
which function as homogeneous catalysts for regioselective hydrogen isotope 
exchange.
The first chapter includes a review of previous investigations into homogeneous 
transition metal catalysis in this area. Some examples of applications within the 
pharmaceutical sciences are also used to illustrate the need for developing new 
catalysts in this area, with the accent on their regioselective action, as well as 
improved efficiency.
In the second chapter, the synthesis and characterisation of the various catalysts is 
described. Many of the complexes have been obtained by procedures which differ 
from those previously reported. A brief discussion on the usefulness o f the ruthenium- 
blue cluster-anion is also given.
Details of X-ray crystallographic studies that were performed on the ruthenium 
catalysts are described in the next chapter. The parent catalyst, Ru(acac)g, was shown 
to exist in two different forms (one monoclinic, the other orthorhombic) and an early 
literature report relating to its crystal structure corrected. The substituted 
acetylacetonate catalysts Ru(3Cl-acac)g, Ru(3Br-acac)g and Ru(3N 02 -acac)g are the 
first tris(3-substituted p-diketonato) complexes of any metal to be characterised 
crystallographically. Crystallographic evidence of catalyst reduction and solvation is 
also presented; a highly unusual ruthenium(I) complex, formulated as 
[Ru(PhC02 )(PPhg)2(HT0 )2], was isolated when RuCl2(PPhg)g was tested as a catalyst 
for the regioselective tritiation reaction. This provides valuable and indisputable 
evidence for use when considering reaction mechanisms of this kind.
The final chapter is concerned with kinetic investigations using the ruthenium 
catalysts which have been prepared, and also details studies on the labelling of various 
acids using tris(acetylacetonato)ruthenium(III). The results show that the catalyst 
appears to be sensitive to the presence of nitrogen in the substrate, and also steric 
hindrance, which by itself, provides further useful deductions upon which to draw in 
proposing a new reaction mechanism.
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Bold type has been used throughout this thesis when referring to keywords or 
facilities in the Cambridge Structural Database, or when referring to programs in the 
Enraf Nonius Structure Determination Package (SDP).
For brevity, aeetylacetone is often abbreviated to acac, and any acac ligands bearing 
substituents other than hydrogen at the 3-position are denoted with the abbreviation 
3X-acac, where X identifies the substituent to be Cl, Br, I or NO2. Abbreviations for 
any other ligands are stated clearly at the place of use.
In Chapter 3, the crystallographic space group P Î  is written as P-1, and R3 as R-3.
IX
Chapter One 
Review of Catalytic Complexes For 
Regiospecifie Hydrogen Isotope Exchange
1 Introduction 2
1.1 Homogeneous Transition Metal Catalysts 4
1.1.1 The Tetrachloroplatinate(II) Catalysts 4
1.1.2 Iridium Complexes 7
1.1.3 Rhodium Trichloride Trihydrate 8
1.1/4 Tris(acetylacetonato)ruthenium(III) 11
1.1.5 Other Catalysts 12
1.2 Objectives 13
1
1. INTRODUCTION
Recent developments in tritium chemistry continue to make the use of this isotope an 
increasingly attractive option for investigations in the field of life sciences, where it is 
widely used in the screening and trials o f new drugs. With detection by tritium NMR 
spectroscopy now possible at the millicurie level of radioactivity, and synthetic 
reagents now bearing up to three tritium atoms per molecule (e.g., tritiated methyl 
iodide), the balance between using compounds labelled with, for example, carbon-14 
or with tritium has moved significantly in favour of the latter. Furthermore, there is a 
slow growth in the number of reports of single-step catalytic exchange reactions 
which eliminate the necessity for a reducible intermediate in the preparation of the 
labelled target molecule. The main methods for the preparation of tritium-labelled 
compounds are summarised in Table 1, and are also well-reviewed by numerous 
authors [1-5].
It can be seen from Table 1 that a wide range of catalytic reactions have been 
developed, although some of the labelling strategies are employed more frequently 
than others. For example, heterogeneous metal catalysis using supported palladium or 
platinum remains a useful way of isotopically reducing alkenes, alkynes and nitriles, 
but when metal catalysts such as palladium are applied heterogeneously to hydrogen 
isotope exchange reactions, the pattern of labelling becomes more general and thus 
the ultimate location and relative distribution of the isotope is harder to predict [6].
Table 1. Summary of main catalysts and selectivity data for labelling with the isotopes of hydrogen.
Catalyst class and Main classes o f  substrate 
nature o f  
application
Bronsted Acid 
(homogeneous)
Bronsted Base 
(homogeneous)
Lewis Acid 
(homogeneous)
Radiation or 
Wilzbach 
labelling 
(heterogeneous)
Zeolite
(heterogeneous)
Metal
(heterogeneous)
Metal Complex 
(homogeneous)
Substituted aryls
Selectivity observations and 
references
Dependent upon directing power 
of substituents for the attacking 
electrophile, i.e., mostly o,p- 
selective [7-9]
(i) Various activated (i) Exchange takes place into
aliphatics (requiring 
basic media)
mildly
(ii) unactivated aliphatics and 
aromatics (requiring highly 
basic media)
Simple arenes
localised sites via action of basic 
medium [10,11]
(ii) Phenolic and anisolic rings 
give o,p-selectivity [12,13]
Random incorporation with early 
transition metal halides, selective 
incorporation with group 13 
halides [14-16]
Wide range of organic No selectivity and often 
compounds, including many accompanied by high levels of 
of biological interest substrate decomposition [17,18]
Simple arenes
(i) simple unsaturated organic 
compounds
(ii) halogenated aryls
(iii) some heterocycles
Mostly substrates bearing
suitable donor atoms for 
coordination to catalyst
Generally o,p-selective via 
electrophilic substitution with H- 
forms of zeolites, but m-selective 
with some particular metal forms 
[19-21]
(i) analogous to non-isotopic 
reduction process [22,23]
(ii) isotope displaces halogen 
atom only (the reductive 
dehalogenation reaction) [24,25]
(iii) selectivity dependent upon 
metal chosen and activation 
procedure [26]
Selectivity observed and thought 
to arise when C-H activation is 
facilitated by the formation of a 
metallacyclic intermediate
Homogeneous catalysts for hydrogen isotope exchange reactions remain 
comparatively few in number because catalysts of this type are thought to operate via 
a C-H activation process, an area of chemistry which remains the focus of much 
research - especially in an industrial context. Because homogeneous catalysts activate 
only certain C-H bonds, the label becomes incorporated into the substrate with a much 
greater degree of selectivity than has yet been possible to accomplish with their 
heterogeneous counterparts. The work described in this thesis concentrates on gaining 
a greater understanding of how and why particular metal complexes function in this 
way, with a view to designing more effective and more selective catalysts for future 
use.
1.1 HOMOGENOUS TRANSITION METAL CATALYSTS
1.1.1 The Tetrachloroplatinate(H) Catalysts
The use o f platinum in various forms for catalytic labelling with tritium is widespread 
[27-31], and among the most significant developments is the tetrachloroplatinate(II) 
catalyst [32-38]. Although this catalyst has not yet been shown to operate 
regiospecifically, its use is highly relevant to the catalyst under present investigation 
in this thesis because it has been used under homogeneous conditions.
Garnett first reported the catalytic effect o f the tetrachloroplatinate(II) complex for 
deuterium labelling in 1967 [32]. In CH3CO2D and D2O, K2^^^^4 labelled one-ring 
aromatics over 4 hours at 82°C, and Na2PtCl^ labelled fused rings under slightly 
milder conditions. In a further report, the applicability of the sodium salt was 
extended into multi-ring systems (biphenyl, terphenyl etc.) and polycyclic systems. A 
comparison with heterogeneous platinum catalysis showed that the homogeneous 
application gave superior results. Analysis of the incorporation pattern showed 
maximum deuteration at all the sterically unhindered positions in the systems.
However, when the temperature was elevated to 130°C, the specificity was lost and all 
positions in the polycyclics labelled [33].
Long-chain alkylbenzenes were also shown to exchange deuterium in the presence of 
N a2PtCl^ [34]. A range of n-alkylbenzenes from toluene to n-nonylbenzene were 
heated in the same solvents with additional DCl, the results showing a progressive 
decrease in the extent of deuteration with a corresponding increase in chain length. 
The extent o f ring deuteration was consistent, but a distinct trend in the side-chain 
labelling pattern at the a  and œ carbons was observed. Both of these characteristics 
could be rationalised with a 7r-complex mechanism as follows: a-exchange occurring 
via reversible Ti-arene - Tc-allyl rearrangement, and m-exchange occurring when ring n- 
complexation allows a cyclic interaction of the chain with the p orbital on the square 
planar intermediate. This was confirmed by an unusually strong enrichment in the 
terminal carbons of n-propylbenzene, corresponding to an optimum six-membered 
intermediate (I).
Above: The structure o f Garnett's intermediate showing the formation of a six-membered intermediate 
via TT-complexation and proton abstraction.
Among the problems with the tetrachloroplatinate(II) catalyst was a complicated 
dependence upon acid concentration [35-37]. In insufficiently acidic conditions, the 
catalyst disproportionated to deposit platinum metal according to ( 1)
^  Ptf,, + + 2 C lv ,„ , (1)(s) 6 (aq) (aq)
and no catalytic effect was observed. Experiments with various acid conditions 
revealed that a reaction mixture with a pH of -1 would inhibit the disproportionation, 
thus 30% mole deuterioacetic acid in HCl (0.2M) or aqueous perchloric acid were 
necessary to stabilise the catalyst under the harsh conditions employed (100°C, 20 
hrs). Other studies showed that increasing hydrochloric acid concentrations over 
0.02M slowed down the rate of reaction, i.e. additional chloride retards the reaction by 
suppressing the equilibrium for the formation of a solvo-complex. In the absence of 
excessive chloride, the solvated intermediate then undergoes 7i-complexation to the 
benzene ring, with the essential part of the reaction proceeding via a tt-cj 
rearrangement. This mechanism is detailed later in the thesis.
Garnett's proposal that 7i-complexes play a significant role in the metal-catalysed 
deuteration of aromatics led to an investigation into the labelling characteristics of 
heterocyclic bases and aniline [26]. Using several activation procedures on a variety 
o f the group 8, 9, and 10 metal chlorides and oxides to render them heterogeneous, a 
systematic investigation into the deuteration of pyridine was made. Under these 
heterogeneous conditions, some selectivity was noted. Among the borohydride 
activated chlorides, hexachloroplatinic acid and potassium tetrachloropalladate(II) 
were most effective. The pattern of labelling was predominantly a  to the heteroatom 
in all cases, with varying degrees of incorporation at the p and y positions. However, 
with the group 10 metals in particular, exchange into the p and y sites was greater. 
Garnett interpreted this in terms of increased metal-pyridine interactions with a theory 
that for the platinum metals there could be a stronger interaction by an additional n- 
complexation, which would then tilt the ring so that activation of the other sites was 
increased [26].
1.1,2 Iridium Complexes
After the salts o f the tetrachloroplatinate(n) anion, Garnett investigated briefly the 
hexachloroiridate(III) system [38] and reported that alkylbenzenes could be deuterated 
homogeneously using sodium hexachloroiridate(III), and heterogeneously with 
reduced iridium(IV) oxide dihydrate. Both of these systems used MeC02D and D^O as 
the label source, but were much slower in reacting than the analogous platinum 
compounds; however, this drawback was offset by the greater stability of the catalyst 
at 130°C over the very long periods for which the deuterations ran, typically 130-160 
hours.
Organometallic complexes which are known C-H bond activators are one potential 
class o f catalysts for hydrogen isotope exchange, and [IrH2(Me2C0 )2(PPhg)2]BF^ 
which had been shown to do so by Crabtree [39,40], was subsequently applied by Heys 
[41,42]. Several analogous complexes had been shown to be C-H activators [39,40], 
but this particular complex allowed deuterations to be performed at the unusually low 
temperature o f 25°C. Working with a range of aromatic carbonyl compounds, but 
mainly substituted ethyl benzoate esters, double deuteration was observed ortho to the 
carbonyl-containing chains.
( 4  (b)
o
Ethyl furan-2-carboxylate (a) did not label, the most likely reason being complexation 
o f the iridium by the ether and ester functions, but ethyl furan-3 -carboxylate (b) did 
label, but only with the deuterium exchanging into the 2-position and not the 4- 
position in addition, something not yet explained. Such overall regioselectivity was
commensurate with the formation of a five-membered iridacyclic intermediate, a 
theory borne out when substrates requiring a six-membered intermediate to label 
failed to incorporate deuterium.
More recently, another of Crabtree's catalysts has been shown to regioselectively 
deuterate certain aromatic compounds at room temperature. Hesk and co-workers [43] 
have demonstrated that the iridium® complex [Ir(COD)(PCyg)(py)]PFg (where COD 
= cycloocta-1,5-diene and Cy = cyclohexyl) [44] can ortho-deuterate a wide range of 
acetanilides and other closely related compounds over a 16-hour reaction interval. The 
catalyst worked most effectively in dichloromethane and gave predictable degrees of 
incorporation dependent upon the position of ring substituents. Thus most p- 
substituted anilides gave over 75% d2-acetanilides, while the o- and m- substituted 
forms gave rise to dj-analogues, incorporation varying with steric hindrance in these 
cases. Considerably less exchange was observed when rings carrying polar 
substituents were tried - this probably corresponds to lowered solubility of the 
acetanilide in dichloromethane. These results strongly suggest that the formation of a 
six-membered iridacyclic intermediate is probably a key step in the reaction 
mechanism.
1.1.3 Rhodium Trichloride Trihydrate
Having studied the catalytic behaviour of Na2PtCl^ and Na^IrClg, Garnett et al. turned 
their attention to rhodium chemistry and applied both the metal and its hydrated 
chloride to the preparation of labelled halogeno- and alkylbenzenes. Although this 
catalyst showed both advantages and disadvantages when compared to the other 
systems, there were also some significant similarities. However, reaction times were 
long - in some cases up to 200 hours.
When heterogeneous rhodium was applied to the deuteriation of alkylbenzenes [45], 
deuterium was incorporated from the 1:1 MeC02D:D20  pool into both the side chain 
(in n-butylbenzene, the a-methylene being richest in deuterium) and the ring. 
Halogenobenzenes were slower in labelling with rhodium than with platinum, and 
furthermore poisoned the catalyst, probably via liberation of the hydrogen halides 
which are known to be detrimental to rhodium catalysts. Exchange in cyclohexane 
was very slow, but could be enhanced by the addition of a polycyclic aromatic 
hydrocarbon.
This catalyst has been widely investigated [5, 45-54] since being first reported by 
Garnett, and is one of the most important tritiation catalysts developed to date. It is 
thermally and chemically more stable than the tetrachloroplatinate(II) catalyst, 
although slower than both that system and the aforementioned iridium analogue. The 
homogeneous application of RhClg 3H20  showed the same labelling pattern in the 
ring and in the a-methylene group of n-butylbenzene. Slight poisoning of the catalyst 
was observed with the halogenobenzenes, but not with nitrobenzene, which served to 
distinguish between the two systems.
Comprehensive labelling studies by Lockley [46] showed that aromatic and a ,p- 
unsaturated carboxylic acids could be deuterated and tritiated directly in the presence 
of RhClg'3H2 0 . In almost all cases, the labels were located with high specificity 
(typically > 95%) at positions P to the carboxyl group i.e. ortho in the aromatic rings, 
making this the first regiospecifie homogeneous metal catalyst application. Studies 
with other compounds threw further light on the significance of the carboxyl group in 
this catalytic first. For example, while both benzoic acid and its sodium salt labelled, 
non-ionising aromatic compounds did not. These findings, consistent with the 
importance o f a carboxylate anion, again suggest the formation of a metallacyclic 
intermediate in the catalytic cycle, thereby favouring ortho-exchange over that of the 
other two positions. Similar results were reported by Oohashi and co-workers [53].
HO
ÔNa Na Ô
O
Tritiation o f pentamidine (i), a drug used for the treatment o f the AIDS-related illness pneumocystic 
carinii pneumonia (PCP) and sodium cromoglycate (ii), a drug used in the treatment o f allergic rhinitis, 
are two important applications the rhodium trichloride trihydrate catalyst has found [5,49-51].
Lockley also applied RI1CI2 3H2O to the deuteration of benzylic amines and aromatic 
amides [47]. The extent o f deuteration in the amides was high in many cases, but in 
the amines, substitution at the nitrogen atom had a marked effect on the extent of 
deuteration, which consistently occurred at the ortho-position.
Noting that acetanilides, like aromatic carboxylic acids, had been deuterium labelled 
by several different procedures, Lockley applied RhClg 3H20  to the deuteration of 
substituted acetanilides [48]; salicylanilide deuterated not only doubly ortho in the 
anilide grouping, but also in the salicyloyl grouping. When a range of ring-substituted 
anilides and n-alkylacetanilides were studied, only the ring substituted acetanilides 
underwent reaction. Furthermore, in a fashion analogous to that of salicylanilide, the 
presence of additional ortho-directing substituents induced additional cases of triple 
and quadruple labelling. Tertiary acetanilides, either for electronic, steric or atomic 
reasons, did not label, a result common to other tertiary systems. Finally, Lockley 
reported that when studies were carried out on the ability of other rhodium metal 
catalysts to label salicylanilide, the activity of hydrated rhodium trichloride was much 
greater than that of any rhodium(O) system.
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In somewhat similar studies to Lockley's acetanilide work, Oohashi et al. reported that 
a substituent effect was exerted in the tritiation procedures [52,53]. The p-chloro and 
p-bromo derivatives labelled to a much higher specific activity than p-acetotoluide, 
which in turn showed greater incorporation than acetanilide itself.
An investigation into steric and electronic effects of the anilide group in anilide 
labelling was subsequently undertaken [54]. Various sterically hindered anilides were 
prepared and then labelled with HTO in DMF at 105-107°C for 11 hours. The results 
showed a remarkable decrease in specific activity with increasing steric hindrance, as 
summarised in Table 2. The table also shows the relative specific activities of the five 
anilides, and it can be seen that the effect of a trifluoromethyl group is to considerably 
decrease the labelling capacity of the catalyst by decreasing the lone pair electron 
density on the nitrogen atom, which is consistently suspected to have an important 
role in this catalyst's cycle.
Table 2, The specific and relative specific activities o f the anilides studied by Oohashi [54].
Compound Specific activity Relative specific activity
(MBq/mol)
Acetanilide 144 1
Proprioanilide 119 0.832
Isobutyranilide 101 0.710
Pivalanilide 77 0.528
hviUwl/
T rifluoro.acèxanilide 1.1 0.008
1.1.4 Tris(acetylacetonato)ruthenium(III)
Following his successful investigations with the rhodium trichloride trihydrate 
catalyst, Lockley searched for other possible catalysts. From a variety o f other metal
11
centres under investigation, three ruthenium catalysts produced ortho-deuterated 
carboxylic acids with very high specificity (>95%); RuClg, and R.uCl2(PPhg)g which 
had previously been shown to methylene-deuterate and tritiate primary alcohols 
[55,56], and Ru(acac)3, a new discovery [5,57].
PPhg
^PPhg
Ru
Structures o f the five-coordinate complex and catalyst RuCb(PPh^)^ (left) and that o f Ru(acac), (right).
Tris(acetylacetonato)ruthenium(III) has been investigated further by Jones and Hesk 
[5,49]. It was shown that while this catalyst was not suitable for the tritiation of 
aromatic amines and amides, aromatic carboxylic acids could be prepared with the 
same or^/zo-selectivity as the rhodium trichloride trihydrate catalyst, but with greater 
specific activities. Kinetic data on this first fully homogeneous and regiospecifie 
catalyst suggested that solvolysis of the complex was likely to play a key role in the 
reaction mechanism (cf. the tetrachloroplatinate catalyst [35]).
1.1.5 Other Catalysts
It should be stressed at this stage that the catalysts which have been discussed here are 
the most effective ones which have been developed over the last thirty years. However 
many other transition metal complexes have been discovered which catalyse 
regiospecifie isotope exchange, including complexes o f iridium [58], rhodium [59- 
61], cobalt [62,63], ruthenium [64,65] and osmium [66]. These could prove very
12
valuable in the development of other regiospecifie catalysts, but have not yet been 
investigated sufficiently to attract further exploitation by radiochemists.
1.2 OBJECTIVES
This thesis describes research into transition metal complexes which function as 
homogenous labelling catalysts. The work conducted emphasises regiospecifie 
tritiation using the tris(acetylacetonato)ruthenium(III) complex and other closely- 
related ruthenium complexes.
Firstly, it was desirable to find a possible reason to explain why in particular the 
ruthenium(III) complex of aeetylacetone works as a catalyst for this reaction.
The second objective was to try and gain new information on the catalytic cycle 
involved in the regiospecifie tritiation of aromatic carboxylic acids using Ru(acac)q by 
making simple modifications to the structure of the catalyst, with the hope of making 
better catalysts in the process.
Also, in making simple modifications on the structure of the parent catalyst it was 
hoped that a linear free energy relationship may also be drawn up relating the 
effectiveness of a catalyst to its structure. It is anticipated that this would then allow 
prediction o f substituent effects for the design of better catalysts, in the way that, for 
example, pH-rate profiles enable physical chemists to predict rates of catalytic 
reaction for acid- or base- catalysed systems.
With these objectives in mind, the remainder of this thesis is laid out as follows: 
Chapter 2 gives details of the synthesis and characterisation of other ruthenium 
complexes which have been prepared as possible catalysts for the regiospecifie 
tritiation reaction; in many cases it was possible to characterise the catalyst structures
13
by X-ray crystallography, and these results are presented in Chapter 3. The results of 
experiments with the new catalysts are given in Chapter 4, along with other 
investigations on the parent catalyst with respect to gathering more information on the 
reaction mechanism. Following Chapter 4, main conclusions from the investigations 
are drawn and some suggestions and ideas for further work are presented (in Chapter 
5). The thesis closes with appendices to accompany Chapter 3, a complete list of 
references and some publications reporting early findings during the course of this 
work.
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2. INTRODUCTION
One of the major aims of this work is to gain a greater understanding of the role of the 
complex tris(acetylacetonato)ruthenium(III) as a catalyst for the regioselective 
tritiation of aromatic carboxylic acids. Several approaches to the problem have been 
made in order to achieve this, and those which are based on catalysts or catalytic 
effects are described below.
2.1 Design and Investigation Of New Catalysts
In the early trials which revealed the ruthenium(III) tris-complex of acetylacetone to 
be an effective catalyst for the tritiation reaction, a variety of analogous complexes 
with different metal centres and geometries were tested. These included octahedral 
metal(III) acetylacetonate complexes (such as those of Ir, Fe, Mn, V and Cr(III)) and 
the square planar group-10 metal(II) acetylacetonate complexes (cf. the 
tetrachloroplatinate(II) and tetrachloropalladate(II) catalysts reported by Garnett 
[26,34]). Only the ruthenium(III) complex proved to be effective for regiospecific 
tritiation o f aromatic carboxylic acids, and therefore it would be extremely valuable to 
find an explanation for the unique reactivity of the ruthenium complex.
A primary objective of the work was to carry out a structural survey of as many of the 
known metal-acac complexes as was possible. In order to do this, searches on the 
Cambridge Structural Database were made to obtain structural information on 
[Ru(acac)g], and to make a comparison between that and the other analogous
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complexes. Careful analysis of the structural data revealed a striking variation in the 
ruthenium-oxygen bond lengths in the [Ru(acac)g] complex [67]. Following this 
observation, a crystalline form of this complex was prepared in order to confirm that 
the distortion was real and not an artefact o f the data [68].
A second approach has been the preparation of complexes which bear a close 
structural resemblance to that of [Ru(acac)g], and their subsequent use in tritiation and 
detritiation procedures in an attempt to link substituent effects with either the activity 
of the labelled acid or the rate of detritiation. With the wide range of p-diketone 
ligands available and the reported preparation o f their ruthenium(III) tris-complexes 
by a general procedure (the ruthenium blue cluster anion, detailed below), this 
appeared an attractive strategy [69]. However, this route was to prove unsuccessful, 
despite making modifications to the reaction conditions and procedure. An alternative 
approach was to introduce substituents on to the parent catalyst at the 3-position rather 
than synthesising the complexes of p-diketones bearing bulky substituents at the 2- 
and 4- positions. This method successfully led to the structural characterisation of a 
new class of complexes by X-ray crystallography.
2.2 Ruthenium Blue CIuster-Anion Mediated Syntheses
One way of accessing the middle oxidation state complexes of ruthenium is via 
reductive activation of the chloride, leading to the formation of a clustered 
chlororuthenium(II) species, which can serve as a useful reactive intermediate in the 
synthesis of ruthenium complexes [69-73]. This species, and others closely related to 
it, have been known for many years [74-77], but only recently has their synthetic 
value been recognised and exploited. The exact constitution of these dark blue 
intermediates is not known, but the evidence favours the species [RugCl|2]^ % termed 
the "ruthenium blue cluster". This formula suggests an exclusively divalent ruthenium 
species; however, consideration of the polynuclear chemistry of ruthenium suggests a
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Figure 1
Scheme showing the some of the first complexes prepared using the ruthenium blue
cluster method.
RUCI3.3H2O
N jO r  At,
EtOH
reflux
dmso CpH
PPh^Et
PhCN
picH
(py — pyridine, Cp — cyclopentadienyl anion, pic =  pyridine-2-carboxylic acid
(picolinic acid))
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mixed-valence mthenium(II)-mthenium(III) complex, as proposed by Bino and 
Cotton [77]. Some of the earliest successful reactions of the ruthenium blue cluster to 
be reported are shown in Figure 1 (page 19).
After the substituted P-diketonate complexes and the versatile five-coordinate 
complex RuCl2(PPhg)3, had proved useful as catalysts for the regiospecific tritiation 
o f benzoic acid, an attempt was made to 'cross' the two catalysts to form a 'hybrid 
catalyst' which possessed both the acetylacetone and triphenylphosphine ligands. 
Attempts were made to prepare both the cis- and tram- isomers of the eomplex 
[Ru(aeac)2(PPhg)2], but all attempts led to the formation of the cjs- isomer, whieh 
appeared to be the most thermodynamically stable of the two.
2.3 MATERIALS AND EQUIPMENT
Unless otherwise stated, all materials were obtained from the Aldrich Chemical 
Company and used as received. Deoxygenated solvents have been used only where 
specified.
Infra-red spectra were recorded as Nujol mulls between sodium chloride plates on 
Perkin Elmer 1750 Fourier Transform Infra Red and Perkin Elmer System 2000 
Fourier Transform Infra Red Spectrometers. UV-visible spectra were recorded on a 
Pye Unicam PU 8740 UV-visible Scanning Spectrometer. NMR spectra were 
reeorded at 300 MHz on a Bruker AC-300 Pulse Fourier Transform NMR 
Spectrometer. Elemental microanalyses for carbon, hydrogen and nitrogen were 
carried out on a CE440 elemental analyser (Leeman Labs. Inc.) by Ms. N. Walker in 
the microanalytical laboratory. Melting points were determined on a Gallenlcamp 
melting point apparatus.
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2.4 SYNTHESIS AND CHARACTERISATION OF THE COMPLEXES [78-81]
The halogenated derivatives of [Ru(acac)g] were prepared in accordance with a 
literature method [82], but with the substantial modifications given below. No 
spectroscopic data accompanied the reported synthesis, so these have been included 
here and are discussed later in the chapter. The procedures used for growing crystals 
o f the pure complexes are detailed in Chapter 3.
2.4.1 Two Routes To Tris(acetyIacetonato)ruthenium(HI), [Ru(acac)3]
2.4.1 (a) Preparation Via the "Ruthenium Blue" Cluster Anion [69]
RuClg"3H20 (980 mg, 3.7 mmol) was dissolved in 50% ethanol (100 ml), to give a 
yellow-brovm solution, and refluxed under a dinitrogen atmosphere to give a dark 
blue solution of the cluster anion. Acetylacetone (3.9 ml, 37.9 mmol) was added and 
heating for 45 minutes yielded a reddish-brovm solution, which was cooled and then 
neutralised with potassium bicarbonate (570 mg, 5.6 mmol). The mixture was 
refluxed for a further 45 minutes, cooled and neutralized as previously indieated, and 
then refluxed for a further three hours when red-black crystals formed; these were 
filtered off, air- and vacuum-dried. These crystals were then dissolved in toluene 
(10ml aliquots) and chromatographed on neutral activated alumina (Broclanann grade 
I). The column was eluted with toluene and the rust-coloured eluate concentrated on a 
rotary evaporator and filtered. The resulting bright red crystals were recrystallised 
fiom hot ethanol. Yield: 260 mg (18%).
2.4.1 (b) Preparation By Direct Reaction With Base [83,84]
To a magnetically stirred hot aqueous solution of RuClg 3H2O (2.6Ig, 10 mmol in 
100ml) under reflux, acetylacetone was added (4.1 ml, 40 mmol) followed by two
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hours of further heating. After allowing the reaction mixture to cool, the solution was 
neutralized by the addition of potassium bicarbonate and refluxing continued for a 
further two hours. After cooling, the solution was concentrated on a rotary evaporator, 
the dark red insoluble product filtered off and washed with water and ethanol. 
Purification of the complex was by recrystallisation from hot ethanol, the resulting 
solid being dried in vacuo over silica gel. Yield: 2.4g (62%). This proeedure always 
produced a high yield of product provided that a 4:1 ligand : metal ratio was 
maintained.
Characterisation and Spectroscopic Data for [Ru(acac)3]
Infra-red spectrum (main bands in cm "\ nujol mull on NaCl plates): 3060 (w), 1560 
(vs), 1480 (vs), 1219 (s), 817 (s) and 805 (s).
UV-Visible spectrum (1 ^ ^  in nm in CHCI3): 348.8 (s 7120 mol'Mm^cm'^ LMCT 
band), 506.4 (s 1580 moTMm^cm'^, d-d band)
Elemental analysis: RuCj5H2iOg requires C 45.2%, H 5.3%; found C 45.2%, H 5.3% 
when obtained by direct reaction with base; found 45.7%, H 5.3% when obtained via 
the ruthenium blue cluster anion.
Melting point: 278-280°C. X-ray crystallographic analysis: see page 59. Two 
dimorphic forms were isolated and characterised.
2.4.2 Tris(3-chloro-2,4-pentanedionato)ruthenium(III), [Ru(3 Cl-acac)3] [82]
A magnetically stirred solution of [Ru(acac)3] (200 mg, 0.5 mmol) in minimal 
chloroform was prepared. N-chlorosuccinimide (301.4 mg, 2.2 mmol) was added to 
the solution which turned a darker red and gradually purple. On standing overnight, 
the solvent evaporated to deposit clumps of purple-black fibres, whieh were 
recrystallised from hot acetone, and then dried in air and in vacuo over silica gel. 
Yield: 80 mg (33%).
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Characterisation and Spectroscopic Data for [Ru(3Cl-acac)3]
Infra-red spectrum (main bands in cm "\ nujol mull between NaCl plates): 1550 (s), 
1475 (s), 695 (m)
UV-Visible spectrum (1^^^ in nm, in CHCI3): 363.6 (s 9300 mol'Mm^cm'^, LMCT 
band), 564.0 (c 2400 mol'Wm^cm"\ d-d band)
Elemental analysis: RuC^gH^gOgCl3 requires C 35.9%, H 3.6%; found C 35.9%, H 
3.3%
Melting point: 276-277°C. X-ray crystallographic analysis: see page 73.
2.4.3 Tris(3-bromo-2,4-pentanedionato)ruthenium(III), [Ru(3 Br-acac)3] [68,82]
A stirred, minimal-volume solution of [Ru(acac)3] (630 mg, 1.6 mmol) in chloroform 
was prepared. N-bromosuccinimide ((NBS), 840 mg, 4.8 mmol) was added to the red 
solution; reaction was immediate and the solution became mulberry-coloured. The 
solvent was removed on a rotary evaporator, the resulting purplish crystalline deposit 
being washed and then recrystallised from hot ethanol, to give a microcrystalline 
product which was dried in air and in vacuo over silica gel. Yield: 460 mg (46%).
Characterisation and Spectroscopic Data for [Ru(3 Br-acac)3]
Infra-red spectrum (main bands in cm"\ nujol mull between NaCl plates): 1535 (s), 
1465 (s), 665 (m)
UV-Visible spectrum (1^^^ in nm, in CHCI3): 363.6 (s 9300 mol'Mm^cm'^, LMCT 
band), 564.0 (s 2620 mol'Mm^cm"^ d-d band)
Elemental analysis: RuC^gHjgOgBr3 requires C 28.4%, H 2.9%; found C 28.6%, H 
3.0%
Melting point: 268-269°C. X-ray crystallographic analysis: see page 80.
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2.4.4 Tris(3-iodo-2,4-pentanedionato)ruthenium(III), [Ru(3 I-acac)3] [82]
[Ru(acac)3] (l.OOg, 2.5minol) was dissolved in toluene. To the reddish-orange 
solution, N-iodosuccinimide (5.09g, 22.4mmol) was added and the solution refluxed 
for one hour. The solution was allowed to cool slowly, the product filtered off, 
recrystallised from and washed with ethanol, then dried in air and in vacuo over silica 
gel. Yield: 150 mg (8%).
Characterisation and Spectroscopic Data for Ru(3 I-acac)3
Infra-red spectrum: (main bands in c m '\ nujol mull between NaCl plates): 1520 (s) 
and 1445 (s) only
Elemental analysis: RuCjgH^gO^Ï3 requires C 23.2%, H 2.3%; found C 23.2%, H 
2 .0%
Melting point: 260-262°C. X-ray Crystallographic analysis: It was not possible to 
characterise this complex by X-ray crystallography.
2.4.5 Tris(3-nitro-2,4-pentanedionato)ruthenium(III), [Ru(3 N0 2 -acac)3]
Copper(II) nitrate hemipentahydrate (2.25g, 9.6 mmol) was dissolved in acetic 
anhydride (75ml) and stirred until dissolved to give a bright blue solution. [Ru(acac)3] 
(1.29g, 3.2 mmol) was added and the nitration mixture stirred for eight hours at 0°C. 
Afler this time, the reaction mixture was stirred at room temperature for one hour, and 
then quenched with a slurry of water (150ml), ice (150g) and sodium acetate (6g). A 
scarlet powder formed on continuous stirring which was filtered off, washed with 
water and allowed to dry in air and in vacuo. The powder was purified by 
recrystallisation from hot ethanol, which gave bright red fine needle-like crystals of 
the complex.
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Characterisation and Spectroscopic Data for Ru(3 N0 2 -acac)3
Infra-red spectrum: (main bands in cm "\ nujol mull between NaCl plates): 1544 (s), 
1521 (s), 1346 (vs)
UV-Visible spectrum: (1 ^ ^  in nm, in CHCI3): 351.2 (s 8000 mol'W m^cm'\ LMCT 
band), 505.7 (s 1830 moLMm^cm"^, d-d band)
Elemental analysis: RuCj5HjgOj2N3 requires C 40.6%, H 4.5%, N 3.1%; found C 
40.5%, H 4.5%, N  3.0%.
Melting point: >300°C. X-ray Crystallographic analysis: see page 86 .
2.4.6 3-Nitro-2,4-pentanedionatobis(2,4-pentanedionato)ruthenium(III) 
[Ru(3N02-acac)(acac)2]
The preparation of this complex was similar to that of the Ru(3N 02 -acac)3 species, 
except that the stirring was stopped after two hours (i.e. the nitration time of the 
rhodium analogue); a reddish-brown oil was formed which upon continued room- 
temperature stirring (about one hour) precipitated out as a reddish solid. This dark red 
precipitate was filtered off, washed with water and ice-cold ethanol and dried in air.
Characterisation and Spectroscopic Assignments
Infra-red spectrum: (main bands in cm"^, nujol mull between NaCl plates): 3060 
(w), 1555 (vs), 1472 (vs), 1345 (vs), 1215 (s), 810 (s) and 802 (s).
UV-Visible spectrum:(1^^^ in nm, in CHCI3): 350.4 (s 7450 mol'Mm^cm'^ LMCT 
band), 504.9 (s 1640 mol'Mm^cm'^, d-d band)
Elemental analysis: RuC^gHjgOj2N3 requires C 33.7%, H 3.4%, N 7.8%; found C 
32.4%, H 3.4%, N 6.9%.
Melting point: 290°C. X-ray Crystallographic analysis: see page 93.
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2.4.7 cis-Bis(acetylacetonato)bis(triphenylphosphine)ruthenmm(II) [85] 
[Ru(acac)2(PPh3)2] (yellow-orange isomer)
Dichlorotris(triphenylphosphine)mthenium(II) (0.45g, 0.4mmol) was dissolved in 
deoxygenated methanol (ca. 70ml), to which triethylamine (2ml) and acetylacetone 
(0.2ml, 1.9 mmol) were added, and refluxed under a dinitrogen atmosphere for 13 
hours. The orange-yellow complex was isolated from the reaetion mixture by 
concentration after filtering off the amine hydrochloride salt. Yield: 264 mg (61%).
Characterisation and Spectroscopic Data for cis-[Ru(acac)2(PPh3)2]
Infra-red spectrum (main bands in cm "\ nujol mull between NaCl plates): 1572 (vs), 
1512 (vs), 1434 (m), 754 (s), 695 (s)
UV-Visible spectrum: (1^^^ in nm, in CHCI3): 325.8 only (s 6550 moTMm^cm"^, 
LMCT band)
N.M.R. spectrum: (5, ppm relative to TMS, in CDCI3) 7.26 (3OH, 2 x PPh3), 5.04 
(2H, 2 X CH), 1.54 (12H, 4 x CH3)
Elemental analysis: RuC^^H440^P2 requires C 67.0%, H 5.3%; found C 66.9%, H 
5.3%
Melting point: 130°C. X-ray Crystallographic analysis: see page 106.
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2.5 DISCUSSION
2.5.1 The Ruthenium Blue Method
At the outset o f the work, the aim was to prepare ruthenium complexes of other p- 
diketonate ligands as potential catalysts. These preparations had all been reported in 
the literature previously [83,86-88], and formed a rather haphazard set of reactions 
until a comparatively recent publication by Endo and co-workers reported that they 
could all be prepared by using the 'ruthenium blue' cluster anion as a reactive 
intermediate [69]. This seemed a very attractive route to many of the desired 
complexes, but despite making considerable efforts to optimise the reaction 
conditions, the results claimed by Endo could not be reproduced. Only once during 
the course of this work did the ruthenium-blue cluster anion prove effective as an 
intermediate for the preparation of ruthenium complexes. The successful instance was 
when a 40-fold excess of acetylacetone was added to the reaction mixture, a 
considerable departure from the ratio suggested by Endo, and even then, the final 
yield was only 18% (2.4.1(a)).
The early experiments with the ruthenium blue cluster anion were performed using 
conventional apparatus with the reaction taking place under a dinitrogen atmosphere. 
Ethanol was used both with and without deoxygenation but with very little effect on 
the progress of the reaction. The formation of the dark blue cluster was observed 
under these conditions but its occurrence proved unpredictable.
Many of the problems associated with this methodology stem from the reductive 
activation which forms the blue cluster. In most cases the problem appeared to be that 
of over-reduction leading to the deposition of a ruthenium mirror on the reaetion 
vessel, and the formation of large amounts of additional black material which is
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attributed to the existence of a ruthenium oxide [89]. Therefore it is not surprising that 
a low yield is recorded even in the presence of a large excess of ligand [90].
Because the technique was far from reproducible, attempts to prepare tris-complexes 
of the higher and more expensive p-diketonate ligands via the ruthenium blue method 
were not made. Endo reported the preparation of several tris(p-diketonato)ruthenium 
complexes, including those of the 3-methyl- and 3-phenyl- substituted ligands, which 
are particularly difficult to coordinate; however a later communication from Endo [91] 
suggested that this was a highly undesirable way of synthesising these 3-substituted 
complexes.
Subsequent studies [90,92] confirmed that the ruthenium blue cluster-mediated 
synthesis of p-diketonate complexes was not easily accomplished, but the presence of 
a reducing metal in the solution (e.g. nickel) increased the rate at which the cluster- 
forming reduction occurred. These studies showed that this reduction was uneven and 
could be effected in air. As a result, it was concluded that the ruthenium blue method 
was unreliable and thus the preparation of some of the ruthenium complexes was 
performed in accordance or by analogy with other literature methods, with 
modifications where necessary. (Therefore for the preparation of [Ru(acac)3] an 
alternative procedure was sought and the direct reaction of metal and ligand in the 
presence of base, as reported by Grobelny, proved much more successful [83].)
2.5.2 Substituted p-Diketonate Complexes
Metal complexes of substituted p-diketonates form a well-documented class of 
compounds, with many well-established procedures for their preparation [93-103]; 
only comparatively recently were those derived from [Ru(acac)^] reported by Endo 
[82]. Nitrated derivatives of ruthenium have not been reported and thus the nitration 
reaction was based on Collman's low-temperature procedure, which uses copper
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nitrate and acetic anhydride for the complete nitration of the corresponding rhodium 
complex [100]. After two hours, nitration o f the rhodium complex is eomplete, but the 
ruthenium complex is only mono-nitrated in the same time. About eight hours were 
necessary to accomplish the full (triple) nitration of [Ru(acac)3].
A search on the Cambridge Structural Database showed that only two structures of 3- 
substituted p-diketonate complexes had been reported when this work was started; 
these were a pair of square planar copper(II) bis-complexes - Cu(3Me-acac)2 and 
Cu(3Ph-acac)2, which was somewhat surprising as many complexes of this type have 
been known for over thirty years. This prompted an investigation into the erystal 
structures of the first set of fully substituted tris-complexes, which extends the range 
of substituents beyond the phenyl and methyl groups. These structures are presented 
in the following chapter.
2.5.3 Infra-red Spectra of the Substituted p-diketonate Complexes
The infra-red spectra of tris(acetylacetonato)ruthenium(III) and its 3-halogenated 
complexes have been recorded. For comparison, the band trends are summarised in 
Table 1.
Table 1. Infra-red absorption wavenumbers (v, cm"^) o f the parent chelate and its halogenated
derivatives
[Ru(acac)3] 3060 1560 1480 1219 817 805
[Ru(3Cl-acac)3] 1550 1475
[Ru(3Br-acac)3] 1535 1465
[Ru(3I-acac)3] 1520 1445
The spectra are generally featureless above 1600 cm "\ except for a weak C-H stretch 
at 3060 cm"^ in the parent chelate. With stronger bands in the 1600-1500 cm'^ region.
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this provides evidence for the pseudoaromatic character of coordinated acetylacetone. 
The methine (pseudoaryl) proton also gives rise to other stronger absorptions at 1219 
cm'^ (C-H in-plane bend), 817 cm"  ^ and 805 cm'^ (out-of-plane bending); all of these 
disappear when y-substitution (3-substitution) has been accomplished successfully.
Evidence of halogénation manifests itself in the spectra of the substituted complexes 
by shifting those bands common to all spectra (viz. the delocalized C=C and C=0 
bands) to lower frequencies. Similar spectral series for the cobalt(III), iron(III) and 
chromium(III) complexes have been reported by Singh and Sahai [95], and the results 
are generally in good agreement. The stretching frequencies for the analogous 
ruthenium complexes are somewhat lower, which is probably due to ruthenium being 
a heavier 4d element. A change of 40 cm'^ in the C=C stretch is noted in substituting 
H for I at the 3-position. In the carbonyl stretch, this frequency differential is 25 cm"\ 
which shows that the C =0 bond is affected less than the C=C bond. This is not an 
unexpected result since the C =0 bond is 3-4 atoms away from the substituent, but the 
C=C bond is much closer. The variation in these stretching frequencies, as a function 
of substituent mass, is plotted overleaf.
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2.6 CONCLUSION
A variety of substituted P-diketonate complexes with ruthenium hag been prepared 
with substantial modifications to previously reported methods of synthesis in the case 
of the halogenated complexes [82]. Nitrated forms, previously unreported, have been 
prepared using a copper nitrate-acetic anhydride nitrating mixture, the ruthenium 
complex requiring much longer for per-nitration than the corresponding rhodium 
complex [100].
The ruthenium blue cluster-anion mediated synthesis is not a favourable route for the 
preparation o f the ruthenium complexes of the higher p-diketones. Closely related 
investigations [90,92] continue to confirm the unpredictable formation of the cluster 
anion; this, and the chemistry of other very similar clustered ruthenium-chloro 
species, requires much more investigation before the cluster can be used as a well- 
established intermediate for the high-yield synthesis of ruthenium complexes.
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3
3. INTRODUCTION
This chapter details the crystallographic facilities and processes which have been 
applied in the determination of the crystal and molecular structures o f some of the 
complexes which have been prepared. Firstly, some simple applications of the 
Cambridge Structural Database are given, and then the principles relating to crystal 
mounting, data collection, reduction and solution are summarised. A description of 
the structure solution and a discussion of the completed structures is given for each 
determination in turn, except in the occurrence of the dimorphic complex, whose 
structures are presented first and discussed together. The structures are discussed 
briefly as a set, at the end of the chapter. (Search queries illustrated for the Cambridge 
Structural Database are presented in Appendix A.)
3.1 THE CAMBRIDGE STRUCTURAL DATABASE [104-106]
The Cambridge Structural Database (CSD) is a collection of structural results from X- 
ray and neutron diffraction studies on the analysis of organic, organometallic and 
coordination compounds. The database is continuously updated fiom crystallographic 
results deposited upon the publication of structures, and currently has over 120,000 
entries for more than 91,000 different compounds. About one quarter of these are 
coordination compounds. The database can provide a wide range of information, and 
can provide good quality structural information for molecular modelling. It also 
allows the chemist a rapid means of checking if  the crystal structure of a compound is 
known. We are concerned here with accessing information about structures which
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have been determined. The Cambridge Structural Database can be searched in a one­
dimensional manner through written search queries, that is, sets of structural fragment 
information which are encoded in a simple numerical fashion. More recent versions 
allow the database to be searched in a two-dimensional manner whereby the molecule 
or fragment of interest can be drawn on-screen. Needless to say this is much quicker, 
and allows better molecular visualisation. The two key commands for searching and 
retrieving information from the database are QUEST and GSTAT.
3.2 SEARCHING THE DATABASE
3.2.1 Structure Retrieval Using QUEST [105]
Although the CSD QUEST facility has plentiful keywords on which the user may 
draw, successful (but slightly more general) searches for structural fragments can be 
made using a minimum of these. An example of this is given in search query 2, for 
octahedral complexes o f acetylacetone. The opening test, T l*CO N N  is a fragment 
connectivity test comprising the ATom and BOnd keyword lines, which are called the 
'instruction packet'. ATom 1 must be a TRansition metal element although it could be 
any elemental symbol making chemical sense if we so chose - Ruthenium was 
specified in search query 4. END symbolises the close of the instruction packet and 
QUEST is the instruction to search using the test criteria.
The ATom keyword may be followed by up to eight subkeywords:
ATp el mca nh neh E T(n) A/C
Those subkeywords underlined are used in the examples. The first two are a serial 
number for an atom and the element that atom is (or group of elements from which it 
may be taken), mca and nh indicate the number o f non-hydrogen and terminal 
hydrogen atoms attached to that atom respectively. E can specify that the mca value is 
matched exactly, and allows the pinpointing of unsubstituted structures. It can also be
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used to specify the maximum coordination number of a transition element, as in 
search query 1. neh and T(n) are the net charges and total coordination numbers of 
element p. The A/C subkeyword specifies the acyclic or cyclic nature of p, but in 
many cases, chemical implications of one subkeyword may be present in another 
keyword or subkeyword (depending upon how rigorously the search query is written).
The BOnd keyword is even easier. It takes the general form 
BO p(D p(j} bt A/C
Again, those subkeywords underlined are used in the example. p(i) and p(j) specify 
the atom numbers connected by the bond; bt is a bond-type code e.g. 1-4  for single­
quadruple orders, with other types possible. 99 is any type, and is particularly useful 
for extensively delocalised systems and ideally suited to searches for coordinated 
acetylacetone. A/C is the acyclic/cyclic bond indicator.
In the first instance, QUEST provides reference information for structures. Further 
work, such as that carried out under GSTAT, requires the structural data to be saved; 
this may be accomplished by inserting the keyword SAVE 3 at the start of the search 
query.
3.2.2 Data Retrieval Using GSTAT [106]
The calculation of distances, bond lengths, bond angles and torson angles may all be 
performed in GSTAT using numerical structural data. The numerical information 
produced can be presented mathematically as a histogram, scattergram or table. 
Among the simplest applications of GSTAT in this work was one which surveyed the 
variation in ruthenium(III)-oxygen bond lengths in complexes with oxygen-donor 
ligands. Another less obvious example (illustrated on page 41) was to survey the 
carbon-bromine bond lengths found in substituted bromobenzene rings, and then
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compare the data with that obtained from the quasi-aromatic system found in 
complexes containing the substituted acetylacetonate ligand. To make the search 
fragment a close match for the brominated ligand, the connectivity for the QUEST 
facility was written to include only those structures with a possible substituent ortho- 
to the bromine atom.
A schematic representation summarising the fundamentals of version 3 o f the 
Cambridge Structural Database (including the QUEST and GSTAT commands), is 
given overleaf.
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SCHEMATIC REPRESENTATION OF THE CAMBRIDGE STRUCTURAL
DATABASE
COMMANDS
BATCH/INTERACTIVE OUTPUTPRINTER/TERM
SAVE FOAT 
Tl -RrA C IT. 0.7 
QUEST Tl
QUEST
GRAPHICAL
INPUT GRAPHICALOUTPUT
REFCASER
FBIB FCON
FDATCOMMAND
FILE COMMANDFILE
GSTAT PLUTO
* ASER V4 is the database information
* input and output can both take graphical or textual forms
* the QUEST command can be used to bibliographic (FBIB), connectivity (FCON) or 
internally referenced (REFC) data
* sub-databases can also be created for quicker searching (ASER)
* GSTAT and PLUTO allow data to be plotted both numerically and graphically
GSTAT Analysis Of Bond Lengths In Substituted Bromobenzenes
CALC INTRA NOA NOT
FRAG
ATI C 3
A T 2 C 2
AT3 C 2
A T 4 C 2
AT5 C 2
AT6 C 2
AT7 Hr 1
BO 1 2
BO 2 3
BO 3 4
BO 4 5
BO 5 6
BO 6 1
BO 1 7
END
D E F D 1 1 7
ff lS T D l
INTRAmolecular CALCulations are specified in the 
first line, but that these will be bond lengths is implied 
by the absence of NOB (NOT and NOA meaning 'no 
torsion angles' and 'no bond angles'). The FRAG 
command initiates the fragment connectivity packet, 
which terminates with END. DEFinition o f the bond 
o f interest is made and H IST D1 creates a histogram 
output of the carbon-bromine distances.
(ii) O
Structure of the search fragment (i) in a-substituted or a,a'-disubstituted brominated 
aromatic systems, for comparison of the aromatic carbon-bromine bond-length with 
that found in the closely-related quasiaromatic system (ii), which shows one o f the 
ligands coordinated to the metal in Ru(3Br-acac)g . With fragment (i), 69 structures 
were found after removing structures where bromobenzene acted only as a solvent 
molecule; only 3 of these hits were a,a'-disubstituted forms of the fragment. ('A' 
represents any element including hydrogen.)
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3.2.3 Searching for M(acac)2 Complexes
SELECTED HITS FROM SEARCH QUERY 1 
(WRITTEN FOR M(acac)2 COMPLEXES)
Cr(acac)2 Pd(acac)2
Cu(acac)2 Pt(acac)2
Pd(acac)2-TTF Cu(acac)2-Zn(TPP)
* Even though the metal coordination number was specified with E, co-crystallised 
molecules may also be present. C^TTF = tetrathiafulvalene; %TPP = 
tetraphenylporphyrin.)
3.2.4 Searching For M(acac)g Complexes
SELECTED HITS FROM SEARCH QUERY 2 
(WRITTEN FOR M(aeac)3 COMPLEXES)
Cr(acac)g Zr(acac)gCl
Fe(acac)g CCl  ^ Zr(acac)^
Fe(acac)g • CHCICHCI La(acac)g (H20)2
[V (acac)g] [SbCl J  Y (acac)g(phen-0)'l'
[Ti(acac)g][C10^]
Although a large number of the simple M(acac)g complexes were found in the 
database, when neither the coordination number nor the oxidation state was specified 
in the search query, metal acetylacetonate complexes with higher coordination 
numbers and non-trivalent metals could also be found. This is still an acceptable result 
but it shows how results become generalised by writing the search query with fewer 
specifications, (tphen-0 = 1,10-phenanthroline-N-oxide; note that in this 8-coordinate 
complex, one of the donor atoms is nitrogen.)
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3.2.5 Searching For Tris-substituted P-diketonate Complex Structures (using
search query 3)
19
H 3 C
20
H X 2 1
Having prepared a set of substituted acetylacetonate complexes, a search for the 
structures o f these complexes was conducted by searching on the 'fragment' above, 
setting X -  7A (F, Cl, Br or I) and then N (for nitrated forms). No structures were 
found for any atom taking the place of M, even though the chemistry of these 
compounds has been known for 30 years.
3.2.6 Searching For Ruthenium Complexes of P-diketone Ligands (using search
query 4)
In this case, the ruthenium atom was stipulated using the ELEM  command, but 
hydrogen atoms were not specified at any of the 2, 3 or 4-positions. The resulting 
survey found Ru(acac)g and p-diketonate complexes which contained ligands 
substituted at the 2 and/or 4 positions (see below).
// W
e =
/
Ph
Ph Ph
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3.2.7 Searching For A Compound By Name
This is possibly the simplest way of searching for one particular compound. The only 
drawback in searching the database in this way stems from the use of trivial names 
and technically incorrect chemical nomenclature. This is perfectly highlighted when 
searching for RUTHENIUM ACETYLACETONATE, which is a chemically 
familiar name for the compound of interest. The data is not recognised, but when the 
search is written to target TRIS(ACET YL ACET ON AT 0)RUTHENIUM, two 
entries are found. Thus, it is important to be aware of nuances in the field of chemical 
nomenclature, especially when ligands such as acetylacetone may be named 2,4- 
pentanedione and pentane-2,4-dione.
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3.3 SELECTION AND MOUNTING OF AIR-STABLE CRYSTALS
As very much information will be derived from the contents of a tiny piece of matter, 
sensibly one should select the best crystal possible for a structure determination. 
Ideally, the crystal should be well-formed (preferably with straight edges), single and 
clean, i.e. free of surface crystallites. The optimum dimensions are each typically in 
the range 0.5 - 0.3mm because the crystal must be centred in an X-ray beam which 
has a uniform plateau of intensity of cross-sectional area roughly 0.5mm x 0.5mm. 
Sometimes the minimisation of absorption effects for particular classes of compound 
may suggest more suitable dimensions for individual compounds. Very large crystals 
may be cut with a razor blade, but it is preferable to use a whole single crystal if 
possible.
When the crystal is selected, it is isolated with the aid of a needle (usually in a 
wooden or metal holder) and pushed to one side of a microscope slide. A short length 
of glass fibre of an appropriate thickness is pushed into a pip taken from a set o f arcs, 
and is set as centrally as possible with some molten wax. Quick-setting adhesive is 
applied to the end of the fibre, which is then brought into contact with the crystal at 
the edge of the microscope slide. After allowing this to set, the pip is placed on a set 
of arcs and accurately centred on the goniometer head so that the crystal is fully 
bathed in the X-ray beam.
3.4 THE CAD4 FOUR-CIRCLE DIFFRACTOMETER [109-111]
The CAD4 diffractometer is a four-circle instrument which possesses classical 
Eulerian geometry. Two of the four circles, (|) (phi) and % (chi) are used to adjust the 
crystal orientation relative to the diffractometer coordinate system; a third circle, co 
(omega), allows the crystal lattice to be oriented at an angle co to the primary beam. 
Coincident with the co-axis at the base is the 20 (two-theta) axis on which the detector
47
moves for each reflection. These four circles of movement allow the crystal to be 
brought into almost any calculated diffracting position for any reflection. The 
relationship between these four Eulerian axes (known as a Eulerian cradle) and the 
other main features visible in the diffractometer, is shown below in Diagram 1.
g o n io m e ter head  
ax is <(> beam  ca tch
d e te c to r  
a t  20
eq u ato ria l plane
20 circ le
X -ray tu b e
Diagram 1 showing the Eulerian cradle geometry and other visible features of the diffractometer.
In fact, only three o f these axes produce true circles. The %-axis has a maximum 
setting slightly greater than 90° and this can lead to a 'blind spot'. This difficulty is 
overcome by introducing an additional axis o f rotation, known as the K-axis (kappa- 
axis). ’’.iiich is offset from the m-20 axes by an angle of This axis passes through 
the head o f the kappa-goniometer on which the crystal has been mounted and allows 
complete freedom of movement around the crystal for reflection measurement.
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3.5 UNIT CELL DETERMINATION AND INDEXING ON THE CAD4
Having mounted and centred the crystal, the next step is determination of the unit cell, 
which is usually accomplished via the automatic SEARCH routine. From a given 
starting point using the Eulerian angles 0, % and (|), SEARCH systematically scans 
reciprocal space for observable reflections. Once a reflection has been located, it is 
centred for measurement and the centre of gravity of the peak found. Up to 25 
reflections are located - sometimes searching in different areas of reciprocal space - 
and then an accurate reflection-centering routine is used to ensure accurate centring. 
Once these reflections have been measured and centred, an indexing procedure 
(INDEX) is used to calculate initial unit cell parameters.
The objective o f the indexing procedure is not only to produce a primitive unit cell, 
but also a corresponding orientation matrix and to assign indices to individual 
reflections. This is done as follows :
A set o f vectors (V) in x, y, z coordinates is composed, containing the scattering 
vectors (Rj) calculated from up to 25 located reflections and the sum and difference 
vectors (Ej+j) of each combination of the two scattering vectors. From the set of 
vectors (V). three vectors are selected :
R1 = the shortest vector in the set (V)
R2 = the shortest vector in (V) which is most perpendicular to R1
R3 = the shortest vector in (V) which is most perpendicular to the plane through R1
and R2.
A number of checks are made to ensure that the reflections are not coplanar. If  they 
are, the program terminates and further reflections have to be added. If successful, the 
resultant preliminary orientation matrix is used to generate preliminary indices which 
are often fractional, and therefore require multiplication by their lowest common
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denominator and rounding to the nearest integral value. The preliminary matrix is then 
checked to see if  smaller base vectors are possible and these are refined by a least- 
squares procedure using the 25 reflections; new indices are then calculated. The cell is 
normalised such that a<b<c and a , p and y are all <90° (within the limits of 
symmetry), to meet the conditions for unit cell translations given in the International 
Tables [112]. The primitive cell is then printed along with the Niggli matrix which 
allows one to choose the most probable lattice type. This can be decided by using the 
program TRACER.
3.6 DATA COLLECTION ON THE CAD4
Once the correct unit cell has been established, data can be collected from the crystal. 
Each data set collected is governed by the limits placed on the 0 range (THLIM), 
chosen by the crystallographer. Within each data set, a number of control reflections 
from the original set of 25 are used to monitor the mechanical stability and orientation 
of the crystal (INTCR, ORIENT). The intensity control is usually monitored hourly, 
with an instruction to terminate data collection if  the intensity drops below a certain 
threshold percentage. The orientation controls - normally four reflections with the 
settings close to the calculated positions - are monitored every 200 reflections for 
deviation o f the reflection from the calculated position, with the orientation matrix 
recalculated if  a predetermined maximum deviation limit is exceeded. The data is 
normally collected zigzag-fashion (MODE), which minimises the movement o f the 
goniometer. In doing this, one complete layer of the reciprocal lattice is measured 
after another.
The general pattern of data collection is a function of unit cell type insofar as the 
equivalences which arise in the reciprocal lattice and by virtue of Friedel's Law. Thus, 
with reference to Cartesian axes, only one of the eight data octants is measured for an 
orthorhombic cell, two octants are measured for a monoclinic cell, and four, or a
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hemisphere of data, for a triclinic cell. Because of the convenience o f considering data 
in octants based on orthogonal axes, it is not possible to take into account the trigonal 
and hexagonal systems where threefold and sixfold symmetries are present. Thus an 
excess of data is inevitably collected, and any equivalent reflections averaged at a 
later stage so that one set of unique data is available for the solution. It is also possible 
to omit collecting data on reflections which are known to be systematically absent via 
centring by entering the appropriate absence conditions (ABSENT).
Each reflection is subjected to a pre-scan for intensity measurement at a fixed speed of 
20/6 °/minute, and the standard deviation of the prescan intensity calculated (a  g). If 
cjp^g>1.0 then the reflection is considered unobserved and no further measurement is 
made. When <3p^g<0.1, the quality of the pre-scan data is considered good enough and 
no further measurement is made. When 0.1<(7pj^<1.0, the final scan speed for each 
remaining reflection is based on the value. By working in this way, a good 
percentage o f final reflection data is measured in the pre-scan only, which expedites 
the data collection process considerably.
3.7 DATA REDUCTION [107]
The intensity of a reflection may be expressed as
where the proportionality relationship may be equated by a series of constants, some 
of which are applied as corrections. This expression may then be written as
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where s is a scale factor adjusted in the refinement of the trial structure, is the 
transmission factor and Lp is a combined correction for Lorentz and polarisation 
effects, known as the Lp factor.
The process by which the raw intensity data are corrected to give structure factors 
values) is known as data reduction. The Lorentz factor is a correction applied 
for a linear velocity component of the diffracting reciprocal lattice point being 
measured at any one time; reflection of the unpolarised incident X-ray beam from the 
crystal causes the diffracted beam to be polarised, so since both the Lorentz and 
polarisation factors arise in the measurement of a reflection, both are 0-dependent and 
are combined into one correction factor.
A further correction that is sometimes necessary is that for absorption of the X-ray 
beam during the measurement of a reflection. The intensity of the X-ray beam is 
reduced on passing through the crystal owing to an absorption effect. The intensity 
relationship is
I = exp (-pt) (4)
where is the incident intensity, t is the path length (thickness) and p is the linear 
absorption coefficient. A  different absorption coefficient, known as the mass 
absorption coefficient, may also be defined by rewriting the equation in such a way as 
to include the density of the crystal; this coefficient can then be calculated according 
to the expected elemental composition of the unit cell.
There have been several approaches to the problem of absorption correction, but the 
nature of this correction still remains as one of the last problems of crystallography. 
One approach, giving a semi-empirical absorption correction, requires the 
measurements of azimuths Y  for a single reflection by rotating the crystal around the 
goniometer head axis (p. In the Enraf Nonius Structure Determination Package, this is
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applied as EAC through a normalised curve using a mass absorption coefficient 
[113].
An alternative empirical absorption correction using DIFABS may be applied in the 
absence o f Y-data. DIFABS is based on a high-level mathematical model of the 
discrepancy between the calculated and observed structure factor amplitudes, and a 
correction is applied to the observed data [114].
The scale factor s is a numerical value which allows the calculated structure factors to 
be scaled to the observed structure factors, which are measured only on an arbitrary 
scale. The scale factor can be derived from the intercept of a Wilson plot [115] which 
considers scattering factor-normalised reflection intensities in terms of concentric 
shells of data at various values of sin^8/X^. This calculation is performed in 
NORMAL.
3.8 SOLVING THE STRUCTURE
Each structure factor resulting from the data reduction contains all the 
information required to solve the structure since,
E fj exp{27ii(hxj + ky. + Izj)} (5)
which is a summation of the scattering factors (f values) for all i atoms which scatter 
into the hkl reflection, and where V is the unit cell volume. To 'recreate' the 
diffracting atomic arrangement from the scattering pattern, a Fourier transform is 
applied, in the equation which is the Fourier synthesis of electron density. This is
p(xyz) = V ZZS F^^  ^exp {-27ii(hx + ky + Iz)} (6)
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where p(xyz) is the electron density in e/Â^ at that point with fractional coordinates 
x,y,z in the unit cell, V is the cell volume and the summations are made over all o f the 
data. Thus atomic positions (electron density maxima) may be calculated if  an 
accurate set of values is known. Unfortunately, this is not the case, since the 
phase component of the diffracted beam is not measured in the data collection. This is 
known as the phase problem, and it is commonly overcome in two ways.
3.8.1 THE PATTERSON SYNTHESIS
This ignores the lack of phase data and uses in place of F^^  ^ in equation (5). In 
doing this, the result is a vector map of all the separations of each pair of atoms in the 
unit cell, with all vectors taken relative to the origin. If  any of these atoms are heavy, 
they will dominate the map and their positions may be calculated readily from the 
interatomic vectors appropriate to the space group under consideration [112]. Thus the 
heavy atom method is one approach available for locating those atoms which 
contribute most significantly to the structure factors. Once the heavy atom has been 
located, successive phasing normally locates the remaining light atoms.
3.8.2 DIRECT METHODS [116]
These statistical methods work by trying to assign phases ((|)) or phase signs (s) to sets 
of structure factors. The mathematical approach is too involved to discuss here, so 
only a descriptive treatment will be given. Further knowledge may be acquired 
through other texts [110].
The direct methods of structure determination are based on building probability 
relationships between large structure factors where it may be shown that the triple 
product sign relationships
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s(hkl)s(h'k'r)s(h-h',k-k',l-r) +1 apply in centrosymmetric structures 
or (|)(hkl) ([)(h'k'r)+(|)(h-h',k-k',l-r) apply in non-centrosymmetric structures.
The first step in this process (carried out in NORMAL) is to normalise the structure 
factors by taking into account the appropriate atomic scattering factors. The 
normalised structure factors or 'E's) are then used to build up probability
relationships according to relationships 6 and 7. However, for some reflections, a 
definite assignment of sign cannot be made, and a symbolic sign must be used to 
construct relationships. This process is known as the symbolic addition method. The 
calculation of maps using E's in place of F's can then take place by taking different 
permutations of the known and symbolic signs. Once an extended set of starting 
phases has been obtained, the tangent formula [117] can be used by cycling repeatedly 
through the triplets to obtain the most consistent phases for the original set, as 
well as extending to reflections of lower E. Not all of the triple product relationships 
are 'correct', but the probability of any one being so is proportional to the product of 
it's component E values. The result of this is a large number of different possible 
solutions, each solution consisting of the necessities for a Fourier calculation.
The set o f solutions is then ranked in order of the probability of each one being 
correct. This is achieved by calculating figures of merit which relate to the 
consistency observed between the phases for the reflections from the triple product 
sign relationships. Four different types of figures of merit can be calculated by 
different formulae, one of which is a combined figure of merit calculated by 
weighting the other three.
3.9 DEVELOPMENT AND REFINEMENT OF THE STRUCTURE
In developing a trial structure, structure factors are calculated continuously to sharpen 
the image of the diffracting atomic arrangement. If the trial structure is correct, then
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there will be good agreement between the observed and calculated values. The 
quality o f this agreement is given by the residual index (sometimes reliability index or 
R-factor), defined as
R  =  Z||F^hkl|-|F^hkl||
Z IF^ hkll
where the subscripts refer to observed and calculated values.
A further indication of the validity of a trial structure is given by observing the 
temperature factor B for each atom. B is a measure of the deviation of the atom from 
its equilibrium rest position and is related to the temperature- and angle- dependent 
scattering factor f. Unusually high B values indicate that an atom is too light, low 
values show it is too heavy. In the early stages o f refinement, the atoms are treated as 
if  their thermal vibration is spherical (isotropic). This is not the case, since it is 
energetically more favourable for vibration to occur elliptically. Allowing for 
anisotropy sharpens the image of electron density further, until it cannot be focused 
any more, at which point the refinement converges. Thus in the anisotropic 
refinement, the coordinates and temperature factors are adjusted to maximise the 
agreement between the observed and calculated F^^  ^ values. If the coordinates are 
substantially correct, least-squares analysis may be used to refine the structure such 
that
Rw = ^w(|sF^ hkl|-|F^ hkl|)^
Sw|F„hkT
where w is a weighting given to each reflection, s is the scale factor and the residual 
index is now a weighted one. The choice of weighting scheme behind w is wide, and 
often dependent upon the type of structure under refinement. However, in most cases, 
the Killean and Lawrence weighting scheme [118] is preferred since it allows a 
measurement o f the estimated error in a standard deviation of unit weight S.
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All o f the following structure determinations have been solved using the Enraf-Nonius 
Structure Determination Package [113] with all calculations being carried out on a 
PDF 11/73 Computer. The following points are common to all the structure solutions:
(a) all appropriate corrections have been applied [112]
(b) anisotropic refinement has been carried out using the Killean and Lawrence 
weighting scheme [118]
(c) the ORTEP package [119] has been used to prepare packing diagrams and 
molecular drawings showing the numbering scheme used
(d) estimated standard deviations are given in parentheses for fractional atomic 
coordinates, bond lengths, bond angles, unit cell parameters and out-of-plane 
distances.
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CRYSTAL STRUCTURE SOLUTIONS
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3.10 TRIS(ACETYLACETONATO)RUTHENIUM(III):
A DIM ORPHIC COM PLEX
That the exhibition of significant tritiation catalysis is only shown by the ruthenium 
(III) complex of acetylacetone suggested that a closer examination of its structure 
might throw light on any origin of such behaviour. This structure has already been 
determined twice, data published relating to racemic [67] and enantiomeric [120] 
forms, and while wishing to perform a redetermination of the racemate structure, two 
forms were discovered and it was possible to ascertain the crystal and molecular 
structures o f both.
3.10.1 Molecular and Crystal Structures of a-[Ru(acac)3] [68]
3.10.1 (a) Crystallization Process
Crystals of an appropriate quality were obtained by allowing a hot ethanolic 
concentrate of the complex to cool in a fully sealed beaker for four days.
3.10.1 (b) Data Collection and Reduction
Crystal dimensions (mm): 0.5 x 0.35 x 0.08
Unit cell determined by reflections from range 13° < 0 < 15°
TH  LIM  1° - 26°; hkl ranges h 0-16, k 0-18,1 0-20 
ABSENT 0
STANDARD REFLECTIONS: intensity 804, orientation 3, 2, 10, 568, 920, 0,10, 4 
REFLECTIO N  DATA: 3778 collected, 2333 at 3 a  level for structure solution and 
least squares refinement 
PSI DATA: none available
3.10.1 (c) Structure Solution and Refinement [68]
SYSABS disclosed absent reflections in the classes hOl, hkO and 0kl for odd h, k, and 
1 respectively, leading to the non-standard space group Pcab. The axes were 
interchanged by a transformation of the reflection data into the space group Pbca 
using ROTATE, and then the absences were removed from the data set.
Four self-consistent Pbca vectors from the three-dimensional Patterson function were 
consistent with a ruthenium atom at the fractional coordinates 0.2392, 0.2500, 0.1357. 
Three cycles of least-squares refinement with isotropic thermal parameters returned an 
R-value of 33%, and iterative Fourier synthesis was used to locate the three ligands; 
isotropic refinement of the whole molecule for the first time placed R at 9.3%, at 
which point hydrogen atoms were added. An absorption correction was applied using 
DIFABS [114] which gave minimum and maximum corrections of 0.631 and 1.499, 
with an average correction of 0.989. The anisotropic refinement was carried out in a 
stepwise manner and converged, using the Killean-Lawrence weighting scheme with 
PWT = 0.05 and QWT = 5.00 [118], to give a final R-value of 3.7%. A final 
difference map was calculated and did not show the presence of any solvent - the 
highest unassignable peak being 0.3eÂ"^. Tables 1.1, 1.2 and 1.3 summarise the key 
data, geometry and coordinates, and an ORTEP drawing of the molecule is given in 
figure 1.
3.10.2 Molecular and Crystal Structures of P-[Ru(acac)3] - a redetermination
3.10.2 (a) Crystallization Process [90]
Analysis of other crystalline preparations of this complex allowed a full 
reinvestigation of the previously reported racemate structure to be carried out; in this 
instance, the complex was crystallised from paraffin. Several different morphologies
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were observed by using other solvents for the crystallization, each of which yielded a 
monoclinic unit cell when checked on the diffractometer. As the previous 
determination by Chao, Sime and Sime (hereafter CSS) employed a needle-shaped 
crystal [122], the same habit was chosen for this analysis.
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Table 1.1
Comparative summary of crystallographic data for the 
a  and p forms of Ru(acac)3 [68,90]
Molecular formula RUC15H21O6 RuC j5H2i O(5
398.40 398.40
Crystal description Ruby-red prism Red needle
Crystal system Orthorhombic (a) Monoclinic (P)
Space group (and number) Pbca (61) P2/C  (14)
a/Â 13.468(6) 14.025(9)
b/À 16.566(6) 7.533(9)
c/Â 15.36(2) 16.309(6)
p/° 90.00(5) 99.00(5)
V/Â3 3428 1702
Z 8 4
F(OOO) 1624 812
|a (Mo K^)/cm"^ 9.20 9.20
Dg /gcm"^ 1.54 1.55
R 0.037 0.049
Rw 0.047 0.050
6 2
Figure 1. ORTEP drawing and numbering scheme for a-Ru(acac)3, with 50%
probability ellipsoids.
C22
C55
C33 C44
Table 1.2 Bond lengths (Â) and angles (°) in a-Ru(acac)-
R u - 0 1 1.998(3) C6 - 0 6 1.266(6
R u - 0 2 1.991(3) 01 - R u - 0 2 93.7(1
R u - 0 3 2.008(3) 03 - Ru - 0 6 92.5(1
R u - 0 4 1.990(3) 0 4 - R U - 0 5 92.8(1
R u - 0 5  ' 2.005(3) 01 - R u - 0 5 178.5(1
Ru - 06 1.998(3) 0 2  - Ru - 03 177.9(1
Cl -0 1 1.273(6) 04  - Ru - 06 178.8(1
C 2 - 0 2 1.280(6) Cl - C 1 2 - C 2 127.4(5
C 3 - 0 3 1.271(6) C4 - C45 - C5 128.7(5
C 4 - 0 4 1.273(6) C3 - C36 - C6 127.7(5
C 5 - 0 5 1.262(6)
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Table 1.3 Final fractional atomic coordinates (x 10"*) for a-Ru(acac)3
X y z
Ru 2365.3(2) 2447.0(2) 1397.0(2)
01 3363(2) 2444(2) 434(2)
0 2 1482(2) 3238(2) 803(2)
03 3260(2) 1678(2) 2033(2)
0 4 3124(2) 3339(2) 1954(2)
05 1354(2) 2421(2) 2354(2)
06 1626(2) 1550(2) 818(2)
Cl 3281(3) 2850(3) -265(3)
C2 1662(4) 3524(3) 45(4)
C3 3295(4) 921(3) 1899(4)
C4 2893(4) 3650(3) 2685(4)
C5 1346(3) 2894(3) 2997(3)
C6 1863(4) 812(3) 880(4)
C ll 4126(4) 2758(5) -881(4)
C22 888(5) 4102(4) -277(5)
C33 4082(5) 495(4) 2388(5)
C44 3629(5) 4262(4) 2998(5)
C55 470(4) 2825(5) 3576(4)
C66 1190(5) 245(4) 400(5)
C12 2479(4) 3351(4) -470(4)
C36 2647(5) 503(3) 1360(4)
C45 2075(4) 3460(4) 3168(4)
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3.10.2 (b) Data Collection and Reduction
Crystal dimensions (mm): 0.28 x 0.08 x 0.08
Unit cell determined by reflections with 0 approximately 10°
TH LIM 1° - 26°; hkl ranges h 0-17, k 0-9,1 ±20 
ABSENT 0
STANDARD REFLECTIONS: intensity 5, -1, 2, orientation 6, -1, 2, 60-4, 2-18, 
and 3, 2, -10
REFLECTIO N  DATA: 3748 collected, 1826 at 3cj level for structure solution and
least squares refinement
PSI DATA: 4 reflections : 452, 342, 341,231
3.10.2 (c) Structure Solution and Refinement [90]
An absorption correction was applied to the data set in the reduction process using 
EAC - min./max. 84.52/99.89% transmission, av. transmission 92.00%. Afterwards, 
examination of the systematic absences confirmed that the complex had crystallised 
in space group P2j/c, and by calculating a Patterson map, a ruthenium position was 
easily established, which refined to give an initial reliability index of 29%. The three 
ligands were found by successive Fourier synthesis, and isotropic refinement of the 
whole molecule for the first time placed R at 7.2%. Hydrogen atoms were added, 
lowering R to 6.7%. The ruthenium atom was refined anisotropically alone at first, 
and then the whole molecule was refined anisotropically with the weighting scheme 
1/w = [a(F^) + (0.0125F)^ + 1.25] [118]. At convergence the final unweighted R was 
4.9%. Main crystallographic data are summarised in Table 1.1; the molecular 
geometry and final coordinates are given in Tables 2.1 and 2.2 respectively. The 
O RTEP drawing (figure 2a) shows the numbering scheme, which matches that o f the 
original determination.
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Figure 2a. 50% probability ellipsoid ORTEP drawing, showing numbering
scheme for p-Ru(acac)g
C 6 6
C l 1 055
Table 2.1 Bond lengths (Â) and angles (°) in p-Ru(acac),
R u - 0 1 2.003(6) 06-C6 1.27(1)
R u - 0 2 1.990(6) 01 - R u - 0 2 93.3(2)
R i i - 0 3 1.994(6) 03 - Ru - 0 6 92.8(2)
Ru - 0 4 2.013(5) 0 4  - Ru - 05 92T(2)
R u - 0 5 2.010(5) 01 - R u - 0 4 177.0(3)
R u - 0 5 1.986(6) 0 2  - Ru - 03 178.0(2)
Cl -0 1 1.26(1) 05  - Ru - 0 6 176.4(2)
C 2 - 0 2 1.27(1) C 1 - C 1 2 - C 2 127.2(8)
C3-CU 1.28(1) C 4 - C 4 5 - C 5 129.3(8)
C 4 - 0 4 1.27(1) C 3 - C 3 6 - C 6 127.3(9)
C 5 - 0 5 1.257(9)
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Table 2.2. Final fractional atomic coordinates (x 10^) for P-Ru(acac)3
X y z
Ru 2375.(%5) 2314.9(9) 4726.2(4)
01 1099(4) 1572(9) 4117(4)
0 2 1813(4) 3091(8) 5718(3)
03 3688(4) 3116(7) 5275(3)
0 4 2968(4) 1485(8) 3763(3)
05 2129(4) 4761(8) 4260(3)
06 2567(4) -121(7) 5232(3)
Cl 306(7) 187(2) 4371(6)
C2 909(7) 316(2) 5745(5)
C3 4329(5) 209(1) 5628(5)
C4 3046(5) 242(1) 3131(4)
C5 2328(6) 525(1) 3571(5)
C6 3362(7) -70(1) 5624(5)
C ll -570(8) 134(2) 3741(8)
C22 670(9) 383(2) 6553(7)
C33 5285(6) 296(2) 5915(7)
C44 3504(7) 154(1) 2483(5)
C55 2091(6) 716(1) 3346(6)
C66 3321(7) -256(1) 5929(6)
C12 1840% 260(2) 5100(6)
C36 4195(6) 32(1) 5795(6)
C45 2726(6) 421(1) 3018(5)
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3.10.2 (d) Remarks on the Redetermination [90]
The advances in crystallography made in the twenty years since the CSS 
determination are reflected in a significant improvement in the results, most 
prominently in the final R-value. Although the fractional coordinates are in good 
agreement, the unit cell parameters were incorrectly reported in the first place. For 
example, asinp (1/a*) had been reported as the a axis, and similarly csinp (1/c*) 
reported for the c axis. The numbering scheme shown in the ORTEP diagram 
(Figure 2a) matches that of the original, thereby facilitating a structural comparison. 
The variation of ruthenium-oxygen bond lengths in the CSS determination is 
particularly striking and was the main reason for wishing to redetermine the structure. 
A comparison of the fundamental cell parameters and ruthenium-oxygen bond 
lengths is presented in Table 2.3, and as a result o f this determination, the ruthenium- 
oxygen octahedron is now seen to be completely regular.
3.10.2 (e) Comparison of the a  and p forms [68,90]
There are no meaningful differences in the molecular structures of these two forms. 
However, the crystal structures are different - figures 2b and 2c are packing diagrams 
for the a  and p forms. From a parametric viewpoint, a is reasonably similar and the 
agreement in b(a) and c(P) is very good, but the remaining axes, viz. c(a) and b(P) 
are almost at a ratio of 2:1. Clearly the entire course of the crystallization is dictated 
by the initial interactions when effectively constructing the three-dimensional 
molecular assembly. Where the initial interactions have allowed three 2j screw-axes 
to be formed, there are three long axes, but as soon as a glide is formed in the packing, 
the P-angle is twisted out of orthogonality by 9°. The exhibition of dimorphism in 
complexes of acetylacetone has been reported before in the managanese and vanadium 
(III) complexes; orthorhombic (a) forms crystallise in Pbca and monoclinic (p) forms 
in P2 |/c. The similarity of these cell parameters is seen in Table 2.4.
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Table 2.3
Comparison of old and new data for p-Ru(acac),
CSS (1973) This work (1995) 
a/A 13.86(1) 14.025(9)
b/A 7.53(1) 7.533(9)
c/A 16.01(4) 16.309(6)
p/° 99.10(1) 99.00(1)
Ru-01/A  1.97(2) 1.986(6)
Ru-02/A  2.04(2) 1.994(6)
Ru-03/A  1.96(2) 2.010(5)
Ru-04/A 2.01(2) 1.990(6)
Ru-05/A  1.99(2) 2.003(6)
Ru-06/Â 2.01(2) 2.013(5)
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Table 2.4 Unit cell parameter agreement, dimorphic and isomorphic 
relationships observed among metal(III) acetylacetonate complexes.
Orthorhombic Complexes in Pbca (a) Monoclinic Complexes in P2 |/c (P)
M a/A b/A c/A Ref. M a/A b/A c/A p/° Ref.
V 15.43 13.53 16.60 121 V 16.34 13.06 8.108 90.2 121
Mn 15.530 13.339 16.726 122 Mn 14.013 7.600 16.373 99.3 122
Ru 13.468 16.656 15.364 68 Ru 14.025 7.533 16.309 99.00 90
Sc 15.38 13.73 16.72 123 A1 14.069 7.568 16.377 99.00 124
Fe 15.471 13.577 16.565 125 Cr 14.031 7.551 16.392 99.06 126
Rh 13.925 7.483 16.392 98.63 127
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3.11 Molecular and Crystal Structures O f [Rn(3Cl-aeac)g]
3.11 (a) Crystallization Process
This complex proved very difficult to crystallize, in most cases the result being 
purple-black microfibres. However, the solvent diffusion technique was successful 
when a concentrated trichloromethane solution of the complex was treated with co­
solvent ethanol applied as a layer. By allowing both layers to evaporate off 
completely, very long wine-red laths were grown from the trichloromethane layer.
3.11 (b) Data Collection and Reduction
Crystal dimensions (mm): 1.00 x 0.05 x 0.03
Unit cell determined by reflections with 0 approximately =10°
TH  LIM  1 - 26°; hkl ranges h 0-9, k ±18,1 ±20 
ABSENT 0
STANDARD REFLECTIONS: intensity 232, orientation -155, -3,1,-1, 162, 044, 
REFLECTIO N  DATA: 6958 collected, 2893 at 3cr level for structure solution and 
least squares refinement 
PSI DATA: none available
3.11 (c) Structure Solution and Refinement
The space group was resolved to be P-1, giving two molecules in the asymmetric unit. 
The direct methods program MULTAN [116] was applied to the data and the top 
solution produced two RuO^ units which refined in three cycles to an initial R-value 
o f 34%. From then on, the structure was completed in the usual way, until all 50 non­
hydrogen atoms for the two molecules had been located, at which point R stood at 
14%. With hydrogens included in the structure factor calculation, DIFABS was
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applied to correct the data for absorption (min./max. correction 0.784/1.478, av. 
correction. 1.049) [114], which reduced R from 11 to 7.7%. Anisotropic refinement of 
both molecules converged, using the Killean and Lawrence weighting scheme with 
PWT = 0.04 and QWT = 4.00 [118] to a final R value of 7.0%. An ORTEP drawing 
showing both molecules is given in Figure 3.
3.11 (d) Discussion of the Molecular and Crystal Structures
The structures of both of the independent molecules are in keeping with the structures 
of the unsubstituted complex. The ruthenium-oxygen bond lengths are all in the range 
1.96 - 2.03Â (mean length 1.98(1)Â) with the y-carbon-chlorine bond lengths in the 
range 1.74 - 1.77A (mean length 1.75 (2)A) which is comparable to that in chlorinated 
aromatic structures [128,129]. With regard to the bond angles (Table 3.1 shows 
selected angles) and lengths (Table 3.2) in general, the effects of a comparatively 
short a-axis and two independent molecules in the asymmetric unit are very visible. 
Firstly, since the number of parameters for refinement is necessarily doubled, the 
bond lengths and angles are poorly determined, which is caused by having only a 
small number of observations in the short a-axis.
Secondly, it is slightly unexpected that there are two molecules in the asymmetric 
unit, and to some extent this echoes the difficulty encountered in crystallizing the 
complex successfully. The crystals were exceptionally long and quite thin which is 
possibly a reflection of the comparatively short a-axis, although there are no 
intermolecular contacts present within the crystal structure which hint at any stacking. 
One intermolecular contact which is unusual is that between Cll and C13' which is 
3.21 K  long, but apart from that there is very little worthy of note. Final key 
crystallographic data are given in Table 3.3 and final coordinates in Table 3.4.
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Table 3.1. Selected bond angles (°) for both independent molecules
in Ru(3Cl-acac)g
0 1 -Ru-02 90.0(5) 0 r-R u '-0 2 ' 91.0(5)
O l-Ru-03 90.5(5) 01'-Ru'-03' 178.5(5)
0 1 -Ru-04 177.8(5) 01'-Ru'-04' 90.0(5)
O l-R u-05 90.0(5) 01'-Ru'-05' 88.6(5)
O l-R u-06 88.6(5) 01'-Ru'-06' 89.3(5)
02-RU-03 88.50% 02'-Ru'-03' 89.4(5)
02-RU-04 9L50% 02'-Ru'-04' 89.6(6)
02-RU-05 178.7(5) 02'-Ru'-05' 178.7(6)
02-R u-06 9L30% 02'-Ru'-06' 89.9(6)
03-RU-04 91.10% 03'-Ru'-04' 91.4(5)
03-RU-05 90.2(6) 03'-Ru'-05' 91.0(5)
03-R u-06 179.1(5) 03'-Ru'-06' 89.2(5)
04-RU-05 88.5(5) 04'-Ru'-05' 89.2(6)
04-R u-06 89.8(5) 04'-Ru'-06' 179.2(6)
05-R u-06 89.9(5) 05'-Ru'-06' 91.3(5)
C11-C12-C1 118(1) C11'-C12'-C1' 116(1)
C11-C12-C2 115(2) Cll'-C12'-C2' 1170%
C1-C12-C2 127(2) Cr-C12'-C2' 1270%
C13-C34-C3 118(1) C13'-C34'-C3' 116(1)
C13-C34-C4 118(1) C13'-C34'-C4' 117(2)
C3-C34-C4 125(2) C3'-C34'-C4' 1280%
C15-C56-C5 116(2) C15'-C56'-C5' 113(1)
C15-C56-C6 112(1) C15'-C56'-C6' 1150%
C5-C56-C6 132(2) C5'-C56'-C6' 1320%
76
Table 3.2. Bond lengths (Â) for both independent molecules in Ru(3Cl-aeac)g.
Ru-01 1.99(1) Ru-01 ' 2.01(1)
Ru-02 1.98(1) Ru-02' 1.990%
Ru-03 1.99(1) Ru-03' 2.00(1)
Ru-04 1.98(1) Ru-04' 2.00(1)
Ru-05 1.97(1) Ru-05' 2.01(1)
Ru-06 2.03(1) Ru-06' 1.99(1)
C11-C12 1.74(2) Cir-C12' 1.74(2)
C13-C34 1.76(2) C13'-C34' 1.75(2)
C15-C56 1.77(2) C15'-C56' 1.76(2)
01-C l 1.23(2) o l ' - c r 1.26(2)
02-C2 1.24(2) 02'-C2' 1.25(3)
03-C3 1.21(2) 03'-C3' L260%
04-C4 1.22(2) 04'-C4' 1.27(2)
05-C5 1.26(2) 05-C 5 ' 1.26(2)
06-C6 1.27(2) 06'-C6' 1.32(3)
C l - C l l 1.51(2) Cl ' -Cl l ' 1.50(2)
C1-C12 1.40(3) Cl'-C12' 1.39(3)
C2-C12 1.42(3) C2'-C12' 1390%
C2-C22 1.54(3) C2'-C22' 1.49(3)
C3-C33 1.53(3) C3'-C33' 1.52(3)
C3-C34 1.42(2) C3'-C34' 1.41(3)
C4-C34 1.42(3) C4'-C34' 1.38(3)
C4-C44 1.53(3) C4'-C44' 1.49(3)
C5-C55 1.48(3) C5'-C55' 1.47(3)
C5-C56 1.37(3) C5'-C56' 1.40(3)
C6-C56 1.38(3) C6'-C56' 1 3 7 0 )
C6-C66 1.43(3) C6'-C66' 1.48(3)
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Table 3.3. Summary of erystallographie data for Ru(3Cl-acac)g.
Molecular formula RuC^^H^gO^Clg
501.73
Crystal description Wine-red lath
Crystal system Triclinic
Space group (and number) P-1 (2)
a/A 7.966(6)
b/A 15.14(1)
c/A 16.69(2)
a /°  107.08(6)
p/° 90.39(9)
y/° 95.4(1)
V/A3 1914
Z 4
F(OOO) 1004
H (Mo K^)/cm‘’ 10.2
/gcm'^ 1.74
R  0.070
Rw 0.093
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Table 3.4. Final fractional atomic coordinates (x 10^) for Rn(3Cl-acac)g
X y z X y z
Ru 662.4(2) 383.89(9) 268.19(9) Ru' 979.4(2) 881.31(9) 196.3(1)
01 687(2) 521.2(8) 293.7(8) 01 ' 934(2) 742.7(7) 163.7(7)
0 2 896(2) 389.2(7) 312.8(8) 02 ' 207(2) 876.2(8) 244.6(8)
03 581(2) 395.0(8) 382.5(7) 03 ' 25(2) 19T0% 225.6(8)
0 4 634(2) 247.0(8) 23&60% 04' 881(2) 890.8(8) 308.0(8)
05 429(2) 378.9(8) 226.5(8) 05 ' 748(2) 885.6(8) 149.6(7)
06 746(2) 374.8(8) 1522(7) 06 ' 79(2) 870.3(9) 85.6(8)
Cl 800(3) 578(1) 334(1) C l' 35(2) 688(1) 176(1)
C2 983(3) 460(1) 357(1) C2' 272(3) 805(1) 247(1)
C3 53X2) 333(1) 411(1) C3' 995(3) 76(1) 294(1)
C4 575(2) 201(1) 283(1) C4' 865(2) 965(1) 366(1)
C5 374(2) 371(1) 154(1) C5' 707(2) 885(1) 76(1)
C6 657(2) 371(1) 88(1) C6' 998(3) 873(1) 17(1)
C ll 789(3) 680(1) 345(1) C l l ' 968(3) 588(1) 145(1)
C22 1480) 440(1) 393(1) C22' 444(3) 823(1) 288(2)
C33 472(3) 3620% 501(1) C33' 44(3) 178(1) 3010%
C44 5560) 96 0 ) 240(2) C44' 780(3) 951(2) 441(1)
C55 187(3) 365(1) 145(1) C55' 523(3) 885(1) 670%
C66 7550) 361(1) 15(1) C66' 109(3) 865(1) -54(1)
C12 942(3) 551(1) 368(1) C12' 1940) 715(1) 215(1)
C34 5190) 237(1) 365(1) C34' 923(3) 52(1) 363(1)
C56 483(3) 369(1) 90(1) C56' 828(2) 881(1) 160)
Cl 1 870) 638.4(4) 430.6(5) C l l ' 311.7(9) 625.3(4) 219.7(5)
Cl 3 433(1) 157.0(4) 415.4(4) Cl 3' 897(1) 145.5(4) 451.5(4)
Cl 5 388.5(9) 361.2(5) -8.7(4) Cl 5' 742.4(8) 884.7(5) -80.7(4)
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3.12 Molecular and Crystal Structures Of [Ru(3Br-aeae)g] [68]
3.12 (a) Crystallization Process
Microscopic examination of the crystals from ethanol showed that they were 
unsuitable for crystallographic analysis; excellent maroon plate-like polyhedra, very 
amenable to a structure determination, resulted when the complex was recrystallised 
from hot acetone.
3.12 (b) Data Collection and Reduction
Crystal dimensions (mm): 1.00 x 0.05 x 0.03
Unit cell determined by reflections from range 13° < 6 < 15°
TH LIM  1° - 25°; hkl ranges h 0-15, k 0-11,1 ±18 
ABSENT 0
STANDARD REFLECTIONS: intensity 200, orientation 7-1 3, 23-9, 46-4, 264 
REFLECTIO N  DATA: 3815 collected, 2649 at 3<r level for structure solution and 
least squares refinement 
PSI DATA: none available
3.12 (c) Structure Solution and Refinement [68]
An examination of the systematic absences in the data revealed absences for hOl 
reflections when h+1 = 2n+l (n-glide) and OkO for odd k (2j screw axis parallel to b), 
leading to the non-standard space group P2j/n.
The solution of this structure was not an easy task, owing to four heavy atoms per 
molecule. Two attempts were made to locate heavy atoms from a Patterson map in the 
hope that ruthenium-ruthenium vectors would separate themselves from bromine- 
bromine vectors (and ruthenium-bromine vectors) on a height basis, but in both cases
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trial structures containing about two-thirds of the required number of atoms refined to 
only 58% and 40%, so these solutions were not pursued any further.
The route to a successful solution came via a different attack on the problem in the 
early stages. MULTAN [116] was employed using default parameters and the four 
highest peaks were taken to be Ru, Br(l), Br(2), and Br(3) respectively. Refinement of 
these coordinates saw R drop from 52% to 32% inclusively in the usual three cycles 
of refinement. Once all the heavy atoms had been translated into the same asymmetric 
unit, a Fourier map was calculated which gave a five-carbon arm of one ligand, 
ruthenated at the 3-position, and a good octahedrally coordinated B r(l) within 
bonding distance. Checking the original peak heights from MULTAN, the top two 
(Ru and Br(l)) were within 3% of each other; on swapping these identities, R fell to 
23% in the refinement and the atomic complement necessary to complete the 
molecular skeleton was taken from a single difference map. Refinement of the entire 
molecule for the first time reduced R to 16%.
Hydrogen atoms were added at calculated positions (all bond lengths set to lA ) and 
anisotropic refinement of the whole molecule using the Killean-Lawrence weighting 
scheme with PWT = 0.04 and QWT = 4.00 [118], reduced R to 4.7%, at which the 
refinement converged. A final difference map was calculated to check for the presence 
of further species; all the highest peaks could be assigned to heavy atom ripples. A 
summary of data referring to the structure determination is given in Table 4.1, while 
important bond lengths and angles are summarised in Table 4.2. Figure 4 shows the 
structure of the complex.
3.12 (d) Discussion of the Molecular and Crystal Structures
The molecular structure is very similar to that of the unsubstituted complex [68,120], 
with the central octahedron showing very little departure from ideal geometry. The
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pseudo-aromatic carbon-bromine bond lengths are all in the range 1.91-1.92Â, which 
is very similar to bond lengths reported for other brominated aromatic compounds 
[130,131]. The distances from each bromine to the least squares plane through each 
ligand ring vary. For example, Br5 sits 0.146(1 )Â out of the plane, Brl is displaced by 
0.037(1)Â and Br3 is almost perfectly coplanar with a displacement of only 
0.006(1)Â. The ring angles at the 3-position are all approximately 128°, which shows 
that substitution at that position hardly affects the geometry. The crystal structure is 
devoid of intermolecular contacts of note, which suggests that the packing is 
effectively based on van der Waals forces.
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Table 4.1
Summary of crystallographic data for Ru(3Br-acac)^
Molecular formula 
Mw
Crystal description
Crystal system
Space group (and number)
a/A
b/A
c/A 
p/°
V/A3
Z
F(OOO)
p (Mo K^)/cm'^
Dg /gcm'^
R
Rw
RuCj^HigOôBrs
635.10
Hexagonal maroon plate 
Monoclinic 
P 2 /n (1014) 
12.798 
9.980 
15.809 
105.42 
1947 
4 
1220 
693 
2.17 
0.047 
0.073
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Figure 4. ORTEP drawing and numbering scheme for Ru(3Br-acac)g. Ellipsoids
are at the 50% probability level.
Br3
Br 1
C44
Br5
C55
C22
Table 4.2. Selected bond lengths (A) and angles (°) in Ru(3Br-acac)g
R u -0 1 1.998(5) 01 - R u - 0 2 91.3(2)
R u - 0 2 1.988(5) 03  - Ru - 06 90.1(3)
R u -0 3 2.005(6) 0 4  - Ru - 05 92.0(2)
Ru - 0 4 1.994(5) 01 - R u -0 5 87.2(2)
R u -0 5 1.980(6) 0 2  - Ru - 03 89.4(2)
Ru - 0 6 2.005(5) 0 4  - Ru - 06 90.1(2)
0 1 - C l 1.28(1) B rl -C 1 2 -C 1 116.8(6)
0 2 -C 2 1.28(1) Brl - C12 - C2 115.7(6)
0 3 -C 3 1.28(1) C l -C 1 2 -C 2 127.5(8)
0 4 -C 4 1.28(1) Br3 - C36 - C3 115.9(7)
C)5 - C5 1.291(9) ]Br3 - C:36 - C:(5 115.8(6)
()6 - C:6 1.28(1) (23 - C:36 - C() 128.3(8)
Brl - C12 1.916(8) Br5 - C45 - C4 116.2(6)
Br3 - C36 1.913(9) Br5 - C45 - C5 115.4(7)
Br5 - C45 1.914(9) C4 - C45 - 05 128.4(8)
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Table 4.3. Final fractional coordinates (x 10% for Ru(3Br-acac)3
X y z
Ru 4967.6(5) 6520.4(7) 2369.4(4)
01 3801(4) 5146(6) 1994(4)
0 2 6054(4) 5115(6) 2879(4)
03 5388(4) 6385(6) 1237(4)
0 4 6116(4) 7909(6) 2755(4)
05 4569(4) 6622(6) 3495(4)
0 6 3888(4) 7953(6) 1851(4)
Cl 3887(6) 3892(8) 2165(5)
C2 5874(6) 3857(8) 2897(6)
C3 5031(6) 7080(9) 543(5)
C4 6437(6) 8420(8) 3520(5)
C5 5075(6) 7286(9) 4182(5)
C6 3674(7) 8430(8) 1075(6)
C ll 2828(7) 3150(10) 1853(7)
C12 /1846(6) 3263(8) 2570(5)
C22 6871(7) 3060(10) 3346(7)
C33 5561(8) 6790(10) -167(7)
C36 4223(7) 8047(9) 458(6)
C44 736:2(8) 9370(10) 3642(8)
C45 5964(7) 8135(8) 4198(6)
C55 4642(8) 7060(10) 4960(6)
C66 2783(8) 9460(10) 887(8)
Brl 4801.7(9) 1351(1) 2670.6(8)
Br3 3780(1) 8927(1) -655.0(8)
Br5 6600(1) 8987(1) 5299.2(8)
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3.13 Molecular and Crystal Structures O f [Ru(3N02-acac)g] CHClg
3.13 (a) Crystallization Process
The solvent diffusion technique was successful when a chloroform solution of the 
scarlet powder deposited in the reaction was layered with ethanol, and some very 
good wine-red rhombs of the complex were filtered off and dried after two days of 
standing.
3.13 (b) Data Collection and Reduction
Crystal dimensions (mm): 0.42 x 0.35 x 0.55
Unit cell determined by reflections from range 1 3 ° < 0 <  17°
TH  LIM  1° - 26°; hkl ranges h 0-13, k ±13,1 ±13 
ABSENT 0
STANDARD REFLECTIONS : intensity -3 1 -4, orientation 445, 730, 4 -4 4, 5 4 -3 
REFLECTIO N  DATA : 2087 collected, 1788 at 3a level for structure solution and 
least squares refinement 
PSI DATA : none available
3.13 (c) Structure Solution and Refinement
An 87% loss in intensity was observed in the intensity standard and a correction for 
this DECAY was applied after data reduction (min./max. correction 1.001/2.728, av. 
correction 1.420). Solution of the structure was carried out on the rhombohedral axes 
and after averaging intensity data, the 744 reflections with I>3a(I) were used for least- 
squares refinement. No systematic absences were observed and the space group was 
deduced to be R-3.
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The structure was solved on rhombohedral axes for two reasons: firstly, the unit cell at 
hand was rhombohedral and not hexagonal, and secondly, working with rhombohedral 
coordinates appeared much easier since it a case of swapping coordinates between x,y 
and z. As soon as a conversion to hexagonal axes takes place, this simplicity is lost 
and the coordinates become more closely inter-related by subtraction.
A Patterson map was calculated and a ruthenium site was located on the threefold 
axis, i.e. at an x,x,x position. Application of the direct methods program MULTAN 
[116] was successful in producing the whole ten-atom ligand chelated to a ruthenium 
atom which was located at the same position. Additional connectivity fitting that of a 
chloroform molecule was present, the carbon also positioned on the threefold axis - 
isotropic refinement o f these thirteen atoms placed R at 11%. An absorption 
correction was applied using DIFABS (min./max. correction 0.79/1.12, av. correction 
0.97) [114], and after three cycles o f least squares anisotropic refinement of the 
chelate unit, the chloroform molecule being refined isotropically, R was reduced to 
6.4%. Hydrogens were added with a fixed parameters (dy=1.00A, B=5A"%, and 
adhering to the same refinement pattern using the weighting scheme w"  ^ = [a(F)^ + 
(0.08F)^ + 8.00] [118] caused R to converge at 6.6% (R^ = 10.1 %). A final 
difference map gave the highest unresolved peak at 0.3 eA
3.13 (d) Discussion of the Molecular and Crystal Structures
The ligand and molecular structure (figure 5a) is regular and in keeping with the other 
structures studied here. Despite crystallising in a rhombohedral space group with the 
ruthenium atom occupying a position of one-third occupancy, there is very little 
distortion - possibly because the a  angle is very close to 90°. The mean ruthenium- 
oxygen bond length is 1.998A, which is in excellent agreement with that o f both 
structures o f the parent catalyst. The orthogonal angles at the octahedral core of 
complex are all in the range 87.6 - 92.2°, the trans- angles are all very close to the
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expected values at 178.1(3)°, 178.2(3)° and 178.2(3)°. The geometry around a single 
ligand shows very little deviation from the unsubstituted structures, the C1-C12-C2 
bond angle being 129.0(9)°, which is slightly wider than that of the brominated 
complex, the mean in that case being 128.1° The angle within the nitro-group (which 
is twisted to a dihedral angle o f 69° to the ring), is 122.5(9)°. Within the chloroform 
molecule, the chlorine atoms adopt a mutual angle of 111.2(4)° to each other, and 
each lies at an angle of 107.7(6)° to the hydrogen atom which lies on the threefold 
rotation axis. Thus there is little deviation from the ideal tetrahedral geometry.
The crystal structure hinges entirely on the three-fold rotation axes which are present 
in both the complex and solvent molecules. The ruthenium, chloroform carbon and 
hydrogen atoms are all collinear and lie on the threefold rotation axis (body diagonal) 
of the rhombohedron - this can be seen very clearly in the packing diagram (figure 
5b). The crystal structure consists of -AABB- chains, where the effectively cone- 
shaped chloroform molecule adopts the orientation of a funnel with the short C-H 
‘spout’ pointing towards the complex.
This is a classical example of how solvent molecules become trapped in lattices. The 
presence of loosely-bound chloroform molecules was clearly enough to hold the entire 
crystal together; but combining the volatility of chloroform with the occurrence of 
'random events' in the X-ray beam, which can often lead to crystal decomposition, it is 
not surprising that such a large drop was observed in the intensity standard. However, 
it may have been possible to avoid this by mounting the crystal in a sealed capillary 
with a few drops of the chloroform. By observing the crystals under a microscope for 
a few days afterwards, a steady increase in opacity, leading towards powdery lumps, 
was noted. It is also a striking illustration of how molecular symmetry is sometimes 
used in crystal packing. Had chloroform not been used in the crystallisation, it is 
unlikely (given the relative infrequency of trigonal space groups) that the crystal
structure o f this complex would have been so intrinsically driven by the molecular 
geometry.
Figure 5a. ORTEP drawing of [Ru(3N02-acac)g], with ellipsoids at the 50% 
probability level. (Chloroform molecule not shown.)
Ru,
pi  2
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Table 5.1. Bond lengths (Â) and angles (°) in [Ru(3N02-acac)g] CHCb
0 1 -C l-C ll 114.0(8) 010-N-020 122.5(9) C2-C12 1.41(1
01-C1-C12 123.4(8) C12-N-O10 118.2(8) C l-C ll 1.51(1
02-C2-C12 122.8(9) C12-N-O20 119.2(9) C2-C22 1.49(1
02-C2-C22 115.8(9) C12-C1-C11 122.5(8) C12-N 1.45(1
C1-C12-N 115.9(8) C12-C2-C22 121.4(9) N-OlO 1.21(1
C2-C12-N 115.1(8) 01-C l 1.29(1) N-O20 1.18(1
C1-C12-C2 129.0(9) 02-C2 1.26(1) C-Cl 1.71(1
C1-C12 1.41(1)
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Table 5.2. Final fractional coordinates (x 10^) for Ru(3N02-acac)3*CHCl2
X y z
Ru 142.22(6) 142.0 142.0
01 202.4(6) 25.3(6) 11.3(5)
0 2 27L3#0 85.9(6) 262.9(6)
C l 288.2(8) -56.1(9) 26.0(9)
C2 350.0(9) 0.8(9) 246.8(9)
C ll 311(1) -136(1) -87.5(8)
C22 437(1) -21(1) 352(1)
C12 357.4(9) -68.5(9) 136.2(8)
N 449.2(8) -167.0(8) 136.9(8)
OlO 412.7(9) -274.0(8) 134(1)
020 556.0(7) -140.7(8) 137(1)
c 368(1) 3681 3681
H* 314.1 314 314
Cl 5183(5) 3465(5) 3220(5)
Hydrogen atom placed in a fixed position
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Figure 5b. Packing diagram for Ru(3N02-acac)3*CHCl3. Filled atoms are 
collinear and lie on the body diagonal of the rhombohedron.
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Table 5.3. Summary of key crystallographic data for Ru(3N02-acac)3-CHCl3
Molecular formula*
M,w
Crystal description
Crystal system
Space group (and number)
a/Â
a/°
V/A3
Z
F(OOO)
p (Mo K^)/cm'^
/gcm'^
R
Rw
R U C 1 5 H 1 8 N 3 O 1 2
652.77
Wine-red rhomb 
Trigonal 
R-3 (148) 
10.228(3) 
90.22(2) 
1702 
2
654
9.9
1.734
0.066
0.101
excluding CHCL molecule
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3.14 Two Molecular and Crystal Structures For {Ru(acac)2(3N02-acac)]
3.14 (a) Crystallization Process
The solvent diffusion technique using a trichloromethane concentrate of the complex 
proved successful when ethanol was applied as a layer of co-solvent. Bright red 
crystals were filtered off and dried after several hours.
3.14 (b) Data Collection and Reduction
Crystal dimensions (mm): 0.30 x 0.23 x 0.08
Unit cell determined by reflections from range 13° < 0 < 15°
TH LIM 1 - 25°; hkl ranges h 0 - 9, k ±9,1 ±17 
ABSENT 0
STANDARD REFLECTIONS: intensity 002, orientation 048, 12 -8, 35 -2 and 319 
REFLECTIO N  DATA: 3417 collected, 3032 at 3cr level for structure solution and 
least squares refinement
PSI DATA: 4 reflections ; 0-1,10, 01-7, 12,-13, and 12-8
3.14 (c) Structure Solution and Refinement
Following data reduction, the statistical analysis for a centre of symmetry NZTEST 
strongly implied the absence o f a centre of symmetry. This suggested the space group 
P I, further implying two different and independent molecules owing to the cell 
volume.
Two ruthenium atoms and a complete oxygen octahedron were located by a 
combination of Patterson and direct methods. Isotropic refinement of these eight
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atoms placed R at 34%. The structure was completed in the usual way with structure 
factor/Fourier cycles, but during this process the emerging picture was one of two 
chemically identical molecules which were related by a centre of symmetry at a point 
with approximate coordinates 0.175, 0.075, 0.215 when one of the ruthenium atoms 
was placed at the origin. Nevertheless refinement continued smoothly in P I, passing 
through an isotropic R of 5.9% for all fifty non-hydrogen atoms. After the addition of 
hydrogens, ftill anisotropic refinement of all the non-hydrogen atoms in the pair of 
molecules with the usual weighting scheme [118] converged to give a final R-value of 
3.0%, and a weighted R of 3.7%.
When the non-hydrogen atoms from molecule 1 were refined in P-1 (the 
corresponding centrosymmetric space group) isotropically, the R-value dropped from 
51% to 7% inclusively in the usual three cycles of refinement. After the addition of 
hydrogen atoms, full anisotropic refinement of the non-hydrogen atoms with the same 
Killean-Lawrence weighting scheme produced a converged unweighted R of 3.4% 
(R„=4.3% )[118].
3.14 (d) Discussion of the Two Molecular and Crystal Structures
In the PI-refined structure, calculation of the least-squares planes through each ligand 
provides one gauge of the proximity to the presence of a centre of symmetry. Then, 
equivalent ligands (numbered in the same way) would, in the presence of a centre of 
symmetry, exhibit perfectly parallel planes, for which the dihedral angle \|/ = 0°. 
These dihedral angles are summarised overleaf in Table 6.1.The ligands are not 
perfectly related by a centre of symmetry, but the relationship is a very close one. 
Application o f the % test to each ligand plane shows that each ligand in the second 
molecule is considerably twisted out of planarity, more than that observed for any of 
the ligands in the first molecule; in particular this distortion is evident in the 2-46 
ligand in the ORTEP drawings (Figures 6 and 7).
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Table 6.1 Dihedral angles between ligands related by a possible centre of symmetry.
'Equivalent' ligands on molecules 1 & 2 Dihedral angle between ligands (\}/)/°
' 1- 2 ' 0.8
'3-5' 2.3
'4-6' 4.9
There are two key areas in the two molecules which are worthy of discussion - these 
are the contact volume between the two molecules in the Unit cell and the two nitro 
groups. The closest contacts between the two independent molecules arise between 
'equivalent' ligands, and are to be found between C l46 and C24 (3.43Â) and C l46 
and C244 (3.49Â). In fact in both of these ligands the rings are buckled to some extent 
with the outermost atoms of the 1-46 ligand are twisted out o f the plane. The angle 
024-C24-C244 is 104° which is deviates considerably from the other 'exterior' 
terminal angles which are in the range 110-120°.
The geometries of the two nitro-groups in the PI form differ markedly. The salient 
figures can be seen in Table 6.2. They are twisted into similar dihedral angles but in 
opposite directions, which per se would eliminate a centre of symmetry, the dihedral 
angles between them and their least-squares substituted ligand planes being 54.2° and 
121.1° (58.9°); in the analogous cobalt(III) structure, the nitro-group is twisted at 
50.1° to the ligand plane [132]. However, by virtue of this similar twist in opposite 
directions, the two pairs of "equivalent" nitro-oxygens approach each other, the 
distances being for 018-028 3.37Â and for 019-029 3.25Â.
In the P-1 refined structure there are fewer extremes. Only one molecule has been 
refined, and therefore the reflections to parameters ratio is twice that of the PI 
refinement, resulting a better-determined structure. The estimated standard deviations
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in this structure are also much better - predictably almost one half of those in the PI 
structure, and with the exception of an anticipated deviation in the structure around 
the nitrated carbon, similar bond and angle types compare very well (Table 6.3). The 
geometry of the single nitro-group is more regular than both of those observed in PI 
with bond lengths which compare favourably with those found in other nitrated 
aromatics [133,134].
In all cases, the nitro-group twists itself into angle with its ligand of 54° - 58° , and 
this ability to twist in opposite directions seems to render the complex capable of 
refmining in both forms. It is also interesting to note that the nitro-groups are not 
disordered, which one might typically have expected from such a compound. One 
reason for this might be the presence of methyl groups on either side preventing a 
high degree of thermal motion. If the ligand had bulkier 2- and/or 4-substituents, the 
nitro-group may orient itself identically in each case. The likely cause of this ability to 
refine equally well in the two space groups is not the nitro group twisting in opposite 
directions, but the high degree of symmetry which is destroyed by the presence of a 
single nitro-group, thus there is a very close approach to a threefold symmetry, as 
shown in all the other complexes. A comparison of salient parameters for this 
complex and the corresponding cobalt complex is given in Table 6.4 [132,135]. The 
table shows that the two compounds appear isostructural, and that another series of 
isomorphic complexes may be forming.
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Table 6.2 Bond lengths (À) and angles (°) in the PI Structure of 
XRu(acac)2(3N02-acac)]
R u l-O ll 1.958(4) 014-C14 1.151(8) C14-C144 1.51(1
R ul-012 2.027(4) 015-C15 1.313(8) C14-C146 1.31(1
R ul-013 1.997(4) 016-C16 1.22(1) C15-C155 1.46(1
R ul-014 2.026(4) C l l - C l l l 1.52(1) C15-C135 1.39(1
R ul-015 1.973(6) C11-C112 1.40(1) C16-C166 1.49(1
R ul-016 2.000(4) C12-C122 1.465(9) C16-C146 1.61(1
0 1 1 -C ll 1.344(8) C12-C112 1.31(1) C112-N11 1.54(1
012-C12 1.321(7) C13-C133 1.46(1) N ll-0 1 8 1.28(1
013-C13 1.243(8) C13-C135 1.53(1) N ll-0 1 9 1.31(1
Ru2-021 2.050(4) 024-C24 1.424(9) C24-C244 1.57(1
Ru2-022 1.985(4) 025-C25 1.223(7) C24-C246 1.44(1
Ru2-023 2.006(5) 026-C26 1.36(1) C25-C255 1.54(1
Ru2-024 1.981(6) C21-C211 1.50(1) C25-C235 1.41(1
Ru2-025 2.004(5) C21-C212 1.428(9) C26-C266 1.51(1
Ru2-026 1.982(5) C22-C222 1.557(9) C26-C246 1.25(1
021-C21 1.185(8) C22-C212 1.447(1) C212-N21 1.437(8
022-C22 1.212(8) C23-C233 1.54(9) N 21-028 1.16(1
023-C23 1.295(8) C23-C235 1.24(1) N 21-029 1.09(1
O ll-R u-012 92.6(2) R u l-O ll-C ll 124.5(4) 014-C14-C146 127.1(8
O ll-R u-013 179.5(2) Rul-012-C12 123.1(4) C144-C14-C146 111.4(7
O ll-R u-014 88.6(2) Rul-013-C13 127.8(5) 015-C15-C155 114.7(7
O ll-R u-015 86.4(2) Rul-014-C14 127.6(5) 015-C15-C135 124.9(7
O ll-R u-016 92.3(2) Rul-015-C15 124.7(5) C155-C15-C135 119.8(7
012-RU-013 87.8(2) Rul-016-C16 126.2(5) 016-C16-C166 115.7(8
012-RU-014 90.2(2) 0 1 1 -C ll-C ll l 113.3(6) 016-C16-C146 115.0(8
012-RU-015 92.0(2) 011-C11-C112 123.3(9) C166-C16-C146 120.0(8
012-RU-016 175.1(2) C111-C11-C112 123.3(7) C11-C112-C12 129.3(7
013-RU-014 91.7(2) 012-C12-C122 116.3(6) C11-C112-N11 107.8(8
013-RU-015 93.4(2) 012-C12-C112 117.3(6) C12-C112-N11 122.8(7
013-RU-016 87.3(2) C122-C12-C112 118.1(8) C13-C135-C15 126.6(6
014-RU-015 174.6(2) 013-C13-C133 121.1(7) C14-C146-C16 123.4(8
014-RU-016 90.0(2) 013-C13-C135 120.6(6) C112-N11-018 107.5(8
0 15“R u -016 88.2(2) C133-C13-C135 120.6(6) Cl 12-Nl 1-019 113.9(9
014-C14-C144 119.7(6) 018-N 11-019 136.1(9
021-RU-022 89.3(2) Ru2-021-C21 128.4(4) 024-C24-C246 124.3(8
021-RU-023 178.8(2) Ru2-022-C22 130.0(5) C244-C24-C246 129.8(8
021-RU-024 92.6(2) Ru2-023-C23 120.9(5) 025-C25-C255 113.7(6
021-RU-025 87.0(2) Ru2-024-C24 118.4(5) 025-C25-C235 124.6(6
021-RU-026 86.6(2) Ru2-025-C25 124.1(5) C255-C25-C235 121.2(6
022-RU-023 91.7(2) Ru2-026-C26 120.0(5) 026-C26-C266 110.7(9
022-RU-024 85.6(2) 021-C21-C211 113.9(6) 026-C26-C246 124.8(7
022-RU-025 89.3(2) 021-C21-C212 122.0(6) C266-C26-C246 117.0(8
022-RU-026 175.6(2) C211-C21-C212 124.1(6) C21-C212-022 128.8(6
023-RU-024 88.2(2) 022-C22-C222 113.3(6) C21-C212-N21 117.9(6
023-RU-025 92.3(2) 022-C22-C212 120.8(6) C22-C212-N21 113.3(5
023-RU-026 92.4(2) C222-C22-C212 125.2(6) C23-C235-C25 129.0(6
024-RU-025 174.9(2) 023-C23-C233 113.0(6) C24-C246-C26 125.4(8
024-RU-026 96.3(2) 023-C23-C235 128.7(6) 0 2 12-N21-028 121.7(7
025-RU-026 88.8(2) C233-C23-C235 118.2(6) 0 2 12-N21-029 124.3(8
024-C24-C244 104.9(7) 028-N 21-029 113.1(8
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Table 6.3 Bond lengths (À) and angles (°) in the P-1 structure of
[Ru(acac)2(3N02-acac)]
R u l-O ll 2.002(3) C22-022 1.274(4) C13-C133 1.498(6)
R ul-012 2.005(2) C23-023 1.271(4) C14-C144 1.498(8)
R ul-013 2.000(2) C24-024 1.264(4) C15-C155 1.496(7)
R ul-014 2.005(3) C25-025 1.261(4) C16-C166 1.496(8)
R ul-015 1.989(3) C26-026 1.258(4) N11-C112 1.464(6)
R ul-016 1.988(3) C l l - C l l l 1.490(6) N ll-0 1 8 1.201(7)
C21-021 1.264(5) C12-C122 1.496(5) N ll-0 1 9 1.236(6)
O ll-R u l-0 1 2 91.2(1) R u -O ll-C ll 126.6(3) 014-C14-C146 125.2(5)
O ll-R u l-0 1 3 178.8(1) RU-012-C12 126.5(2) C144-C14-C146 120.2(5)
O ll-R u i-0 1 4 90.5(1) RU-013-C13 124.0(3) 015-C15-C155 114.8(4)
O ll-R u l-0 1 5 86.7(1) RU-014-C14 123.8(3) 015-C15-C135 125.2(4)
O ll-R u l-0 1 6 89.2(1) RU-015-C15 124.7(3) C155-C15-C135 120.0(4)
012-R ul-013 89.8(1) RU-016-C16 124.4(3) 016-C16-C166 114.5(5)
012-R ul-014 88.1(1) 0 1 1 -C ll-C ll l 114.8(4) 016-C16-C146 125.6(4)
012-R ul-015 90.6(1) 011-C11-C112 122.8(4) C166-C16-C146 119.8(5)
012-R ul-016 179.1(1) C111-C11-C112 112.3(4) C11-C112-C12 129.1(4)
013-R ul-014 90.1(1) 012-C12-C122 114.5(4) Cl 1-Cl 12-Nl 1 114.8(4)
013-R ul-015 92.7(1) 012-C12-C112 112.9(3) C12-C112-Nl 1 116.0(4)
013-R ul-016 89.8(1) C122-C12-C112 122.5(3) C13-C135-C15 127.5(4)
014-R ul-015 176.9(1) 013-C13-C133 115.3(4) C14-C146-C16 128.0(5)
014-R ul-016 92.7(1) 013-C13-C135 125.3(4) Cl 12-Nl 1-019 118.4(4)
015-R ul-016 88.6(1) C133-C13-C135 119.4(4) C112-N11-019 117.5(5)
014-C14-C144 114.6(4) 018-N11-019 124.1(5)
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Table 6.4
Summary of key crystallographic data for Ru(acac)2(3N02-acac) (Column A) 
and unit cell parameters for the analogous cobalt(III) complex (Column B) [132]
Molecular formula 
Mw
Crystal description
Crystal system
Space group (and number)
a/Â
b/A
c/A
a/°
p/°
y/o
V/A^
z
F(OOO)
p (Mo Kj^)/cm"^
Dg /gcm"^
R
Rw
A
RUC15H20NO8 
443.40 
Red prism 
Triclinic 
P-1 (2) 
7.677(1) 
8.390(1) 
14.641(3) 
79.52(1) 
84.71(1) 
76.38(1) 
900.1 
2
435
8.2
1.64
0.034
0.043
B
Triclinic 
P-1 (2) 
7.651 
8.353 
14.557 
78.98 
83.71 
75.32
101
3.14 (e) Conclusion
Given that there is only one kind of molecule here, this species should have ideally 
crystallised in the space group P-1. A comparison of all the bond lengths and angles 
for the two structures invites one to conclude that again, the P-1 structure is the more 
acceptable of the two. The main data is summarised in Table 6.3, along with the unit 
cell parameters for the corresponding cobalt complex [132,135], which are very 
similar and clearly show another isomorphous relationship. Essentially the ruthenium 
complex has crystallised in P-1 (the better determination) but the strongly biased 
statistics are difficult to explain. Therefore the main statistical data from NZTEST 
and NORM AL referring to this determination are additionally presented to illustrate 
the scenario, in the plot below, and in Table 6.5 respectively. Final fractional 
coordinates for both forms are also given (Tables 6.6 and 6.7).
Plot of N(z) test statistics obtained in testing for a centre o f symmetry in the crystal 
structure o f Ru(acac)2(3N02-acac)
70 
60 
50 
g  40 +
*N
z  30 4 
20  
10 
0
Centric distribution
Average values
Acentric distribution
0 0.2 0.4 0.6 0.8
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Table 6.5
Statistical data summary for Ru(acac)2(3N02-acac): E-statistics 
(data taken from PI NORMAL output from MULTAN)
Experimental Theoretical
Average all data acentric centric
mod(E) 0.860 0.886 0.798
E2 1.000 1.000 1.000
E3 1.340 1.329 1.596
E4 1.980 2.000 3.000
E^ 3.164 3.323 6.383
E^ 5.407 6.000 15.000
(E2-1) 0.776 0.736 0.968
(E2-1)2 0.980 1.000 2.000
(E2-1)3 1.467 2.000 8.000
[mod (E2-1)]3 1.985 2.415 8.691
(data taken from P-1 NORMAL output from MULTAN)
Experimental Theoretical
Average all data acentric centric
mod(E) 0.886 0.798 0.718
E2 1.000 1.000 1.000
E^ 1.329 1.596 1.916
E4 2.000 3.000 4.500
E^ 3.323 6.383 12.260
E^ 6.000 15.000 37.500
(E2-1) 0.736 0.968 1.145
(E2-1)2 1.000 2.000 3.500
(E2-1)3 2.000 8.000 26.000
[mod (E2-1)]3 2.415 8.691 26.903
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Table 6.6 Final fractional cooordinates (x 10^) for the PI structure of
Ru(acac)2(3N02-acac)
X y z
Ru -171.13(4) -75.27(3) -216.34(2)
O il -433.1(3) 16.2(3) -235.2(2)
012 -106.5(3) 45.6(3) -341.3(2)
013 89.5(3) -170.9(3) -196.0(2)
014 -157.7(4) 124.5(3) -162.5(2)
015 -195.8(4) -265.8(3) -273.6(2)
016 -233.4(4) -198.6(3) -93.1(2)
C ll -503.0(5) 94.5(4) -309.9(3)
C12 -215.0(6) 127.5(4) -402.9(2)
C13 180.1(5) -298.6(5) -227.5(3)
C14 -195.8(8) 138.4(5) -78.1(3)
C15 -67.3(6) -381.7(4) -292.4(2)
C16 -260.1(8) -319.0(6) -18.8(3)
c m -702.1(6) 120.8(6) -308.6(4)
C122 -127.3 204.0(5) -490.0(3)
C133 377.4 -338.2(6) -213.3(4)
C144 -193(1) 304.6(7) -55.3(4)
C155 -118.5(7) -507.2(5) 339.2(3)
C166 -307(1) -255.5(8) 64.9(4)
Cl 12 -401.0(6) 149.4(5) -398.3(3)
C135 111.3(6) -398.5(5) -273.1(3)
C146 -245(1) 16.8(7) -9.8(3)
N i l -506.3(6) 244.0(6) -467.8(3)
018 -474.5(7) 197.3(7) -541.6(3)
019 -620.9(7) 369.1(6) -453.9(4)
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Table 6.7 Final fractional cooordinates (x 10^) for the PI structure of
Ru(acac)2(3N02-acac)
X y z X y z
Rul -170.94(7) -75.265(6) -216.38(3) Ru2 171.28(7) 75.30(6) 216.26(3)
011 -426.6(6) 17.3(6) -235.0(3) 021 439.5(6) -16.8(5) 236.2(3)
012 -97.2(6) 44.0(6) -342.0(3) 022 115.7(6) -47.0(5) 340.7(3)
013 89.4(6) -171.4(5) -196.8(3) 023 -90.0(6) 170.1(6) 195.3(3)
014 -165.4(6) 124.1(5) -157.6(3) 024 147.9(7) -124(5) 168.4(3)
015 -201.1(7) -265.1(6) -270.7(4) 025 191.2(6) 266.4(5) 276.2(3)
016 -221.3(7) -201.5(6) -90.9(3) 026 245.3(7) 196.5(6) 95.2(4)
C ll -494(1) 97.9(7) -316.5(5) C21 509.2(9) -92.0(8) 304.8(5)
C12 -213.7(9) 130.3(7) -403.7(4) C22 215(1) -123.8(7) 401.3(5)
C13 188(1) -291.3(9) -228.5(5) C23 -173.8(8) 304.3(7) 226.2(4)
C14 -182(1) 134.5(9) -79.8(5) C24 212(2) -142(1) 75.4(5)
C15 -69(1) -380.8(9) -297.2(5) C25 66(1) 383.1(6) 287.7(4)
C16 -279(1) -142(1) -21.4(6) C26 242(1) 136(1) 16.0(5)
c m -697(1) 121(1) -317.1(7) C211 709(1) -114.9(8) 299.1(7)
C122 -138(1) 193.8(8) -494.4(9) C222 117(1) -212.3(8) 486.3(4)
C133 379(1) -331(1) -210.9(7) C233 -377.2(9) 345.7(9) 213.2(6)
C144 -227(1) 304(1) -50.7(6) C244 160(1) -304(1) 58.6(6)
C155 -124(1) -507(1) -338(6) C255 115(1) 507.9(8) 340.9(6)
C166 -316(2) -263(2) 62.4(7) C266 295(2) 252(1) -67.8(8)
C112 -388(1) 149(1) -394.1(5) C212 407.7(8) -147.6(8) 386.1(5)
C135 110(1) -402.1(8) -278.1(5) C235 -113(1) 394.7(8) 267.4(5)
C146 -207(2) 18(1) -9.9(6) C246 275(2) -15(1) 10.1(5)
N il -515(2) 247(1) -470.9(7) N21 504.6(8) -242.0(9) 465.1(4)
018 -453(1) 194(1) -547.3(5) 028 491(1) -193(1) 535.2(5)
019 -625(1) 380.2(8) -447.7(6) 029 614(1) -352(1) 462.4(6)
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3.15 Molecular and Crystal Structures of cfx-[Ru(acac)2(PPhg)2] (orange isomer)
3.15 (a) Crystallization Process
Golden yellow crystals were grown by preparing a concentrated solution of the 
complex in chloroform, and then adding ethanol slowly to form an immiscible layer.
3.15 (b) Data Collection and Reduction
Crystal dimensions (mm): 0.28 x 0.15 x 0.13
Unit cell determined by reflections from range 13° < 0 < 15°
TH  LIM  1° - 26°; hkl ranges h 0-12, k ±13,1 ±22 
ABSENT 0
STANDARD REFLECTIONS: intensity 002, orientation -3,-2,-11, 714, -6,-3,-7 and 
1,2,12
REFLECTIO N  DATA: 8206 collected, 6255 at 3cj level for structure solution and 
least squares refinement
PSI DATA: 4 reflections :2  1 -1, 1 5 -1 ,2  10 -2, 3 12 -3
3.15 (c) Structure Solution and Refinement
After the data reduction, an empirical absorption correction was applied (EAC, 
min/max transmission 93.21/99.74%, average transmission 95.72%). M ULTAN 
[116] was applied to this structure to provide a considerable number of atoms for the 
initial refinements. Atomic positions taken from the top two sets did not refine well, 
but those from the third set provided thirteen correct atoms at the core of the structure 
which refined to give an R-value of 29%. One Fourier map and a difference map 
provided the remaining atoms - refinement of all these non-hydrogen atoms saw R 
drop to 6.5%. After the addition of hydrogen atoms and their inclusion in the structure
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factor calculation, the ruthenium and phosphorus atoms were refined anisotropically, 
with refinement of the whole molecule with the weighting scheme 1/w = [a(F)^ + 
(0.045F)^ + 4.5] [118] converging at 3.9%.
3.15 (d) Discussion of the Molecular and Crystal Structures
Not surprisingly, the structure (Figure 8) consists of a distorted octahedron with only 
four of the fifteen angles at the octahedral core showing a departure from ideal 
geometry of less than 1°. Two of these are within the acetylacetone ligands (02-Ru- 
04 , 90.4(1)°; O l-R u-03, 90.8(1)°), the other two coming from P2 (P2-Ru-04, 
89.68(8)°; P2-Ru-01, 90.62(8)°). The cw-arrangement of the two bulky
triphenylphosphine ligands has resulted in a much wider angle dominating the 
geometry o f the octahedron. The Pl-Ru-P2 angle is 99.09(4)°, with PI contributing to 
most of the distortion in the geometry in the rest of the complex. The trans- angles 
Pl-R u-01 and P2-Ru-02 are 170.28(8)° and 172.94(8)° and the cw-angle of the 
oxygen atoms trans- to PI and P2 is compressed to 82.4(1)°. Table 8.1 lists the bond 
angles within the complex. Bond lengths appear very consistent throughout the 
molecule, with the only noteworthy point being the ruthenium(II)-oxygen bond 
lengths which approach 2.1Â, which is expectedly longer than in the corresponding 
ruthenium(III) complexes of acetylacetone. No ruthenium(II) complexes of 
acetylacetone have yet been characterised by X-ray crystallography, however the 
structure of the closely related ruthenium(III) complex isomers cis- and trans- 
[Ru(hfac)(PPhg)2Cl2] (hfac = hexafiuoroacetylacetone) have [136]. Table 8.2 lists the 
bond lengths in the complex. Key crystallographic data for the complex, and 
fractional atomic coordinates, are given in Tables 8.3 and 8.4 respectively.
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P1-RU-P2 99.06(5) O3-C3-C103 127.4(5) C31-C36-C35 120.4(5)
Pl-Ru-01 170.3(1) C30-C3-C103 118.4(4) P2-C41-C42 122.6(4)
P l-R u-02 87.9(1) O4-C4-C40 116.1(5) P2-C41-C46 117.8(4)
P l-R u-03 88.1(1) O4-C4-C204 126.3(5) C42-C41-C46 119.5(5)
P l-R u-04 97.7(1) C40-C4-C204 117.5(5) C41-C42-C43 120.6(5)
P2-RU-01 90.7(1) P1-C11-C12 118.3(4) C42-C43-C44 123.4(6)
P2-RU-02 172.9(1) P1-C11-C16 123.5(4) C43-C44-C45 113.7(7)
P2-RU-03 94.1(1) C12-C11-C16 118.2(4) C44-C45-C46 122.8(6)
P2-RU-04 89.7(1) C11-C12-C13 121.0(6) C41-C46-C45 120.0(5)
O l-R u-02 82.3(1) C12-C13-C14 118.7(6) P2-C51-C52 117.5(4)
O l-R u-03 90.8(1) C13-C14-C15 121.1(6) P2-C51-C56 123.0(4)
O l-R u-04 82.6(1) C14-C15-C16 120.4(7) C52-C51-C56 119.5(4)
02-RU-03 84.8(1) C11-C16-C15 120.5(6) C51-C52-C53 120.7(5)
02-RU-04 90.5(1) P1-C21-C22 123.2(4) C52-C53-C54 119.2(5)
03-RU-04 172.4(1) P1-C21-C26 117.5(4) C53-C54-C55 120.2(6)
C11-P1-C21 101.8(2) C22-C21-C26 119.2(5) C54-C55-C56 121.1(6)
C11-P1-C31 101.5(2) C21-C22-C23 120.2(6) C51-C56-C55 119.4(5)
C21-P1-C31 101.4(2) C22-C23-C24 120.7(6) P2-C61-C62 119.4(4)
C41-P2-C51 99.3(2) C23-C24-C25 120.5(6) P2-C61-C66 121.0(4)
C41-P2-C61 101.5(2) C24-C25-C26 121.5(7) C62-C61-C66 119.5(5)
C51-P2-C61 103.0(2) C21-C26-C25 117.8(5) C61-C62-C63 121.0(6)
O l-C l-C lO 115.1(5) P1-C31-C32 118.5(4) C62-C63-C64 124.8(7)
O1-C1-C103 117.5(4) P1-C31-C36 122.4(4) C63-C64-C65 115.5(5)
C10-C1-C103 117.5(4) C32-C31-C36 119.0(5) C64-C65-C66 116.8(6)
O2-C2-C20 113.8(5) C31-C32-C33 119.8(5) C61-C66-C65 118.8(6)
O2-C2-C204 127.0(5) C32-C33-C34 120.9(5) C1-C103-C3 126.9(5)
C20-C2-C204 119.1(5) C33-C34-C35 115.4(6) C2-C204-C4 126.6(5)
O3-C3-C30 114.2(5) C34-C35-C36 124.3(6)
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Figure 8. ORTEP drawing showing numbering scheme for cis-Ru(acac)2(PPhg)2.
Ellipsoids are at the 50% probability level.
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Table 8.2. Bond lengths (Â) in cis-Rn(acac)2(PPhg)2
Ru-Pl 2.325(1) C3-C30 1.518(8) C34-C35 1.332(8
Ru-P2 2.295(1) C3-C103 1.374(9) C35-C36 1.398(9
Ru-01 2.084(3) C4-C40 1.513(8) C41-C42 1.396(8
Ru-02 2.084(3) C4-C204 1.425(9) C41-C46 1.451(7
Ru-03 2.056(3) C11-C12 1.379(8) C42-C43 1.39(1
Ru-04 2.066(3) C11-C16 1.413(8) C43-C44 1.483(9
P l-C l l 1.848(4) C12-C13 1.391(7) C44-C45 1.45(1
P1-C21 1.833(5) C13-C14 1.41(1) C45-C46 1.40(1
P1-C31 1.849(6) C14-C15 1.34(1) C51-C52 1.381(6
P2-C41 1.832(6) C15-C16 1.383(8) C51-C56 1.361(8
P2-C51 1.846(4) C21-C22 1.385(8) C52-C53 1.393(7
P2-C61 1.847(5) C21-C26 1.419(8) C53-C54 1.398(9
01-C l 1.269(5) C22-C23 1.421(8) C54-C55 1.321(9
02-C2 1.265(6) C23-C24 1.34(1) C55-C56 1.429(8
03-C3 1.274(5) C24-C25 1.37(1) C61-C62 1.384(8
04-C4 1.256(6) C25-C26 1.423(8) C61-C66 1.410(8
Cl-ClO 1.539(9) C31-C32 1.397(6) C62-C63 1.413(8
C1-C103 1.390(8) C31-C36 1.390(7) C63-C64 1.20(1
C2-C20 1.548(9) C32-C33 1.393(9) C64-C65 1.62(1
C2-C204 1.381(8) C33-C34 1.489(9) C65-C66 1.399(8
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Table 8.3. Summary of crystallographic data for cis-[Ru(acac)2(PPhg)2]
Molecular formula 
Mw
Crystal description 
Crystal system 
Space group (and number) 
a/Â
b/A
e/A
a/°
p/°
y/°
V/A3
z
F(OOO)
p(Mo K^)/cm'^
/gem"^
R
Rw
RuP 2^4^46^44  
823.88 
Golden lozenge 
Triclinic 
P-1 (2) 
10.499(3)
11.000(4) 
17.950(4) 
75.41(2) 
87.51(2) 
80.72(3) 
1977 
2
852
5.09
1.384
0.039
0.049
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Table 8.4. Final atomic coordinates (x 10"^ ) for cis-[Ru(acac)2(PPh3)2]
X y z X y 2
Ru 6537.4(3) 1683.9(3) 2924.3(2) C32 8271(4) 3161(4) 4141(2
PI 8010(1) 3097.3(9) 2606.3(5) C33 8418(5) 3736(5) 4731(3
P2 7186.3(9) 469.0(9) 2069.1(5) C34 8371(5) 5038(4) 4585(3
01 5105(3) 574(2) 3355(1) C35 8158(6) 5772(4) 3853(3
0 2 5800(3) 2625(2) 3762(1) C36 8023(5) 5213(4) 3248(3
03 7791(3) 590(2) 3772(1) C40 3239(5) 4160(5) 1700(3
04 5090(3) 2726(2) 2175(1) C41 5920(4) -428(4) 1898(2
Cl 5251(4) -360(4) 3932(2) C42 5154(4) 19(4) 1233(3
C2 4879(4) 3539(4) 3654(2) C43 4164(5) -652(5) 1147(3
C3 7526(4) -380(4) 4273(2) C44 3944(5) -1712(5) 1710(3
C4 4208(4) 3556(4) 2332(3) C45 4698(5) -2131(5) 2353(3
CIO 4071(5) -1012(5) 4159(3) C46 5693(5) -1485(4) 2447(3
C ll 7799(4) 4465(3) 1744(2) C51 7531(4) 1308(4) 1064(2
C12 6570(5) 5172(4) 1610(3) C52 6888(5) 2532(4) 801(2
C13 6355(5) 6195(4) 960(3) C53 7161(5) 3232(4) 65(2
C14 7348(6) 6511(5) 460(3) C54 8044(5) 2717(5) -395(3
C15 8559(6) 5836(5) 603(3) C55 8634(5) 1501(6) -141(3
C16 8794(5) 4823(4) 1250(3) C56 8386(5) 783(5) 599(3
C20 4638(5) 4209(4) 4295(3) C61 8590(4) -831(3) 2298(2
C21 9726(4) 2428(4) 2507(2) C62 9534(4) -739(4) 2785(2
C22 635(4) 2301(4) 3073(3) C63 620(5) -1674(5) 2931(3
C23 1894(5) 1715(5) 2981(3) C64 758(5) -2684(5) 2601(4
C24 2243(5) 1269(5) 2348(3) C65 9819(5) -2776(4) 2122(3
C25 1353(5) 1414(4) 1785(3) C66 8733(4) -1862(4) 1968(2
C26 104(4) 2004(4) 1860(3) C103 6371(5) -849(4) 4369(3
C30 8621(5) -1050(5) 4814(3) C204 4100(4) 3984(4) 3008(3
C31 8101(4) 3908(4) 3390(2)
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3.16 Molecular and Crystal Structures Of [Ru(PhC02)(PPhg)g(HT0)2]
3.16 (a) Crystallization Process
This species was isolated from the reaction mixture when 
tris(triphenylphosphine)ruthenium(II) chloride was tested as a potential catalyst for 
the tritiation o f benzoic acid. Yellow rhombs were deposited during the reaction 
interval, before any manipulations were carried out on the reaction mixture, and one 
rhomb was mounted for analysis. Despite originating from a process performed in 
vacuo, crystals o f the complex were perfectly stable in air.
3.16 (b) Data Collection and Reduction
Crystal dimensions (mm): 0.4 x 0.35 x 0.15
Unit cell determined by reflections from range 13° < 8 < 15°
TH  LIM  1° - 26°; hkl ranges h 0-20, k 0-13,1 ±23 
ABSENT 1:H  + KN2
STANDARD REFLECTIONS: intensity 002, orientation 1,2,12, 714, -6,-3,-7 and 
-3,-2,-l 1
REFLECTIO N  DATA: 3618 collected, 2486 at 3a level for structure solution and 
least squares refinement 
PSI DATA: none available
3.16 (c) Structure Solution and Refinement
Because this compound was known to be radioactive, very little analysis could be 
performed to establish the identity of the species, so the structure was essentially 
solved 'blind' with only the knowledge of the possible coordination chemistry 
available from the constituents of the reaction mixture.
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The C-centred monoelinic unit eell could allow either eight molecules with ca. 26 
atoms each, or four molecules with ea. 52 atoms each, in which ease the ruthenium 
atom would necessarily occupy a special position, thereby requiring only half the 
molecule to be located. NZTEST was used to distinguish between the space groups 
Cc (non-eentrosymmetric) and C2/e (centrosymmetric) ; C2/c was the favoured space 
group. Patterson maps were calculated for both Z=4 and Z=8 (even though Z=8 
appeared unlikely from the atomic count) but neither map could be solved for a 
ruthenium position. MULTAN [116] provided a solution in which the ruthenium 
position on the twofold at 0,y,0.25 was very close to y = 0.25, which explains why a 
position for the heavy atom was not easily established from the Patterson map.
As well as revealing the ruthenium position, the top MULTAN solution revealed 16 
atoms of the triphenylphosphine ligand and half of the benzoate ligand, which also 
sits on the twofold axis. Least squares refinement of the 22 atoms placed R at 23%. A 
single structure factor/Fourier cycle completed the unique half o f the molecule and 
oxygen (not chloride) was resolved to be coordinated at the third unique site on the 
basis o f the isotopie temperature factor B; further refinement saw R drop to 15%. An 
absorption correction was applied (DIFABS [114], min./max. correction 0.542/1.317 
av. correction 1.000) and R fell to 8.7%. Hydrogen atoms were added to the 
triphenylphosphine and benzoate rings (d^= 1Â, fixed B: 5Â^) and included in the 
structure factor calculation; with all the non-hydrogen atoms anisotropic, R fell to 
6.0%. A difference map at this stage revealed two hydrogen atoms on the oxygen at 
distances of 0.978Â (Ha) and 0.939Â (Hb) forming a (tritiated) water molecule. On 
the basis of these bond lengths, it seems likely that Hb is the tritium atom, since the 
tritium-oxygen bond is stronger and therefore shorter than the hydrogen-oxygen bond. 
After the two hydrogen atoms, the highest unassignable peak in the difference map 
listing was 0.5 cA"^. These hydrogens were also included in the structure factor 
calculation but not refined, anisotropic refinement of the unique half-molecule
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converging to a final R-value of 5.4% (wR = 8.0%) using the weighting scheme 1/w = 
[ct(F)2 + (0.05F)2 + 5.00] [118].
3.16 (d) Discussion of the Molecular and Crystal Structures
This structure determination has some important consequences in this area of 
catalysis, and there are many points of interest in both the crystal and molecular 
structures.
Firstly, while it is not unusual for a central atom to occupy a special position, in this 
structure the Ru, C40, C41 and C44 atoms all lie on the twofold axis, which is 
unusual, and as a result the mode of coordination of the benzoic acid is established to 
be bidentate as the anion. The twofold symmetry can be seen very clearly on the 
ORTEP drawing (Fig. 9). The ring of the benzoic acid is tilted to an angle of 20.8° to 
the equatorial plane of coordination around the ruthenium atom, which is probably 
due to the crowded environment of the /ra«.y-triphenylphosphine ligands. Thus the 
effect is that the benzoate anion is 'slotted in' ; this is probably a result o f the starting 
material being highly sterically crowded. The ruthenium atom has adopted a distorted 
octahedral environment, in which the O l-Ru-01' angle is 98.1° and the O-Ru-0' bite 
angle is 59.8°, features which contribute to a considerable octahedral distortion 
around the ruthenium atom, although the P-Ru-P' angle is exactly 180°. Bond 
distances and angles are given in Tables 9.2 and 9.3. The absence of a counter-ion 
unequivocally establishes the oxidation state of the ruthenium atom to be +1.
The structure is closely related to those reported by MeGuiggan, viz. 
Ru(PhC02)(PPhg)2ClX (X=CO, Cl) [137,138]. This HTO complex is a structural 
analogue of the ruthenium(III) complex [Ru(PhC02)(PPhg)2Cl2] which also 
crystallises in the space group C2/e with the same twofold structural characteristics, 
the p-angle being slightly wider in that case at 102.89°. The Ru(I)-0(benzoate) bond
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length o f 2.180(4)Â compares to 2.118(1)Â in McGuiggan's ruthenmm(III) complex 
[137], and in the absence of twofold symmetry, lengths of 2.166(6) and 2.131(9)Â in 
the ruthenium(II)-carbonyl complex. Thus as expected, the bond is longest when the 
ruthenium atom is in the lowest oxidation state.
No mononuclear ruthenium(I) complexes of benzoate have been structurally 
characterised before. Ruthenium(I) complexes o f benzoate which have are (a) 
[Ru2(PhC02)2(C0)^], (b) [Ru2(PhC02)2(C0)g] (both reported by Strahle [139]), and 
(c) [Ru(PhC02)(C0)2(PhC02H)]2 reported by Shvo [140]. All are dimeric with 
bridging benzoate. In each case, the ruthenium(I)-0(benzoate) bond length lies in the 
range 2.11-2.15 A, which is shorter than the 2.180 A in this mononuclear complex; 
this is probably due to the anion bonding to two metal atoms rather than one.
3.16 (e) Wider Implications
Each of the above was prepared from Rug(C0)|2 il is clearly indicative that 
ruthenium(I) complexes are mainly Tc-acid halides [141] or carboxylates, which are 
preferentially accessed via ruthenium(O) complexes. That this ruthenium(I) complex 
has been isolated from a reaction involving RuCl2(PPhg)g is highly unusual. Jardine 
has reviewed the chemistry o f RuCl2(PPhg)g [142] and substitution of either the 
chlorides or the phosphines normally leads to ruthenium(II) complexes or 
ruthenium(III) complexes, sometimes by the oxidative substitution reaction [136,142]. 
Reduction reactions are not a characteristic part of the chemistry of RuCl2(PPhg)g. 
The complex catalyses a wide range of different reactions, but in contrast to the 
synthetic work little is known about the catalytic cycles through which this complex 
operates [142]. This, therefore, could throw considerable light on that less well 
researched aspect of its chemistry.
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Figure 9. ORTEP drawing of Ru(PhC02)(HT0)2(PPh^)2 with 50% probability
ellipsoids.
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Table 9.1. F inal fractional coordinates (x 10^) for [Ru(PhC02)(PPh3)2(HT0)2]
Ru 0 243.18(5) 250.0 C26 -145.5(4) 11.3(5) 143.1(3)
P -101.29(8) 243.1(1) 146.29(7) C31 -164.6(3) 372.9(5) 1360(3)
0 41.1(2) 407.2(3) 214.7(2) C32 -202.1(4) 401.7(5) 189.5(3)
01 69.3(3) 109.8(5) 194.5(2) C33 -251.1(4) 497.6(6) 183.5(4)
C il -59.7(3) 236.8(5) 67.9(3) C34 -264.3(5) 564.6(6) 125.2(4)
C12 -88.9(4) 158.6(6) 15.0(3) C35 -227.8(5) 535.4(7) 72.1(4)
C13 -52.9(5) 157.8(7) -43.0(3) C36 -178.7(4) 440.0(6) 77.1(3)
CM 6.8(5) 230.0(8) -49.1(4) C40 0 461.6(7) 250.0
C15 33.6(4) 313(1) 2.8(4) C41 0 592.4(7) 250.0
C16 1.3(4) 3124(8) 61.9(3) C42 64.0(5) 652.6(6) 231.8(4)
C21 -174.7(3) 122.3(5) 134.9(3) C43 63.1(7) 771.4(6) 231.9(5)
C22 -257.7(4) 143.1(6) 118.9(3) C44 0 826.1(8) 250.0
C23 -308.1(4) 45.2(7) 112.3(4) Ha 75(3) 13(4) 178(2)
C24 -279.0(4) -66.1(6) 120.8(3) Hb 40(3) 130(4) 211(2)
C25 -197.4(4) -83.4(6) 136.0(4)
Table 9.2. Bond lengths (Â) in [Ru(PhC0 2 )(PPh3)j^(HT0 )2]
Ru-P 2.379(1) C13-C14 1.33(1) C31-C32 1.381(9)
R u-0 2.180(4) C14-C15 1.40(1) C32-C33 1.372(9)
Ru-01 2.344(5) C15-C16 1.39(1) C33-C34 1.36(1)
P -C ll 1.837(6) C16-C11 1.37(1) C34-C35 1.37(1)
P-C21 1.847(6) C21-C22 1.394(8) C35-C36 1.37(1)
P-C31 1.825(5) C22-C23 1.40(1) C36-C31 1.376(8)
O-C40 1.255(5) C23-C24 1.37(1) C41-C42 1.39(1)
C40-C41 1.51(5) C24-C25 1.36(1) C42-C43 1.36(1)
C11-C12 1.389(8) C25-C26 1.389(9) C43-C44 1.35(1)
C12-C13 1.41(1) C26-C21 1.369(8)
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Table 9.3. Bond angles (“) in [Ru(PhC02)(PPh3^(HT0)2]
P-Ru-P' 180.00 C21-P-C31 103.9(2) C23-C24-C25 119.0(6)
o -R u -o r 160.9(1) P-C11-C12 121.6(5) C24-C25-C26 119.7(6)
O'-Ru-Ol 160.8(1) P-C11-C16 118.4(5) C25-C26-C21 121.3(6)
O-Ru-0' 59.8(1) P-C21-C22 121.2(5) C22-C21-C26 120.5(5)
o i-R u -o r 98.1(1) P-C21-C26 118.3(4) C31-C32-C33 119.6(6)
O-Ru-01 101.1(2) P-C31-C32 117.6(4) C32-C33-C34 121.0(7)
o '-R u -o r 108.1 P-C31-C36 123.2(5) C33-C34-C35 119.4(7)
P-Rii-O 86.78(9) C11-C12-C13 118.2(7) C34-C35-C36 120.5(7)
P-Ru-01 86.3(1) C12-C13-C14 122.4(7) C35-C36-C31 120.4(7)
P'-Ru-O 93.25(8) C13-C14-C15 119.3(8) C36-C31-C32 119.2(5)
P'-Ru-O' 86.80(1) C14-C15-C16 119.4(8) 0-C40-0' 120.1(6)
P'-Ru-Ol 93.6(1) C15-C16-C11 120.6(7) C40-C41-C42 119.8(4)
P'-Ru-O r 86.31(1) C21-C22-C23 116.5(6) C41-C42-C43 119.1(9)
C11-P-C21 103.6(3) C22-C23-C24 123.0(6) C42-C43-C44 118.4(9)
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Table 9.4. Summary of crystallographic data for [Ru(PhC02)(PPh3)2(HT0)2]
Molecular formula RuP
Mw 786.78
Crystal description Yellow rhomb
Crystal system Monoclinic
Spaee group (and number) C2/c (15)
a/Â 16.925(5)
b/A 11.524(5)
c/A 19.802(7)
p/° 102.29
V/A3 3773
Z 4
F(OOO) 1604
p(Mo K^^)/cm"^ 5.29
Dg /gcm"^ 1.374
R 0.054
Rw 0.080
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3.17 DISCUSSION OF THE STRUCTURES AS A SET
In the first instance, obtaining the orthorhombic form of the parent catalyst was 
unexpected and a complete bonus, as it was not known at that stage that metal(III) 
aeetylaeetonate complexes could exist in polymorphic relationships. Had the 
monoelinie form of the eomplex been isolated first, then it is most likely that the 
orthorhombic form of the catalyst would have gone undiscovered. It is quite clear 
from the paeking diagrams of the two forms, whieh are viewed in projection down the 
common axes, that the erystal structures are different in terms of the molecular 
orientation with respeet to the unit cell.
One of the most conspicuous features of this set of crystal structures is the diversity of 
space groups and crystal systems whieh have resulted from making a simple 
modification in the structure. While the parent catalyst crystallizes in the 
orthorhombic and monoclinic space groups Pbca and P2j/c respectively, the 3- 
substituted derivatives have crystallized in the triclinic, monoclinic and trigonal space 
groups P-1, P2j/n and R-3. It is interesting to note that the unsubstituted and 
brominated monoelinie forms erystallize in effectively the same space group, only the 
choice of origin affecting the glide. Those structures aside, there remains a striking 
difference between the chlorinated and nitrated structures. The former derivative 
proved extremely difficult to crystallize and this was very much reflected in the 
crystal structure containing two molecules in the asymmetric unit o f a triclinic cell. 
The latter derivative, whieh was erystallized from the same solvent pair, and using the 
same teehnique, employed the threefold symmetry inherent in the structure in the 
crystallization process, and ineorporated the chloroform molecule in doing so. 
Although unexpected, this makes for an even more interesting structure and 
comparison. It would be interesting to know if the nitrated form could crystallize
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without using its symmetry and also to find out whether the nitro-groups would 
exhibit the same dihedral angle with respect to each ligand.
The family o f tris(3-substituted-P-diketonato) complexes which have been reported 
here are the first in a new structural class to be characterised by X-ray crystallography. 
Despite a widely-reported chemistry o f this class of compounds, the only closely 
related compounds which have been charaeterised in this way are the square planar 
copper bis-complexes [Cu(3Me-acac)2] [143] and [Cu(3Ph-acac)2] [144]. This set of 
three ruthenium complexes therefore forms an interesting complement to the two 
copper complexes, by extending the range of substituents introdueed into the 
structure.
3.18 CONCLUSION
Nine structures have been determined for seven compounds, one of which is the 
parent catalyst which crystallizes in two different systems [68,120], and another of 
whieh is the mono-nitrated form of the catalyst which refines equally well in both of 
the triclinie space groups, the only limitation on that structural pair arising from the 
ratio o f parameters to observations.
A set o f three 3-substituted aeetylaeetonate struetures have been determined and are 
the first ones to have been reported [68]. No similarity between the three crystal 
structures is observed.
The strueture of the cA-ruthenium(II) complex Ru(acac)2(PPh3)2 has been solved, as 
well as a highly exciting ruthenium(I) complex which was isolated from a tritiation 
procedure.
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4 Introduction
One way of developing other complexes whieh may eatalyse the regiospeeific 
tritiation of aromatic carboxylic acids, and probing the way that these catalysts 
function, is to build on the chemistry of the parent catalyst, [Ru(acac)g]. In this 
chapter, information on the catalytic activity of those complexes detailed in the last 
two chapters is presented.
The likelihood of isolating the proposed cyclometallated intermediate is very small, 
thus it becomes even more important to consider every possible aspect from which 
this problem can be approached. Besides varying the nature of the potential tritiation 
catalyst, it is also useful to test the ability of the parent eomplex by applying it to 
tritiate acids other than benzoic acids. From such results, it may be possible to build 
up a body o f information on the catalysis mechanism. A detailed discussion of all the 
key aspects of the reaction mechanism is presented later in this ehapter.
4.1 Aspects of the Physical Chemistry of Tritium
Tritium, unlike deuterium, is the only isotope of hydrogen which is radioactive. 
Tritium is a weak P-emitter, with an average energy of 5.7 keV. The radioactive half- 
life of tritium is 12.5 years, whieh is convenient for experimental investigations. The 
maximum penetration of tritium in air is approximately half an inch, although it is 
easily absorbed through the pores of the skin; however, this poses little risk if general
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laboratory precautions are taken and generally, tritium is therefore considered among 
the safest o f radionuclides with whieh to work.
4.1.1 Tritium Nuclear Magnetic Resonance Spectroscopy [145,146]
Tritium nuclear magnetic resonance spectroscopy (tritium NMR) is a technique which 
has been developed as a result of collaboration between the Chemistry Department at 
the University o f Surrey and Amersham International. Tritium NMR is now being 
used with increasing frequency for the analysis of tritium incorporation patterns, at the 
expense of chemical degradation methods, which have been used until recently. 
Tritium NMR spectroscopy can be relatively rapid and is non-destructive, features 
chemical degradation techniques do not offer. Tritium has a greater sensitivity to 
detection by NMR than does the proton, as can be seen from the table of magnetie 
properties of the hydrogen isotopes given below.
Table 1. Magnetic properties of eacb o f tbe hydrogen isotopes.
Isotope Spin Magnetic moment Relative sensitivity
% 4.84 1.0
2H 1 1.21 0.00965
3H 5.16 1.21
Among the major advantages of the technique is that the chemical shifts of the triton 
are virtually identical with those of the proton, whieh means that the vast amount of 
data available on NMR can be applied directly to NMR. The relationship 
between the two frequencies is given by the Larmor ratio:
cOt/cOh = 1.06669738
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Thus tritium chemical shifts are obtained without the need for a tritiated standard, by 
multiplying the proton reference frequency by the Larmor ratio.
In normal traee level work, the tritium NMR spectrum usually appears as a number of 
sharp lines, which give a direct indication of site and measure of the extent of tritium 
incorporation in the molecule. Proton-tritium coupling is usually prevented by 
decoupling, in order to simplify the spectra, but there are instances where the coupling 
information may be of use, particularly where stereochemical information is required. 
Obviously, the greater the incorporation and specific activity, the greater the chance 
that coupling between tritium atoms may occur, giving the spectrum a more complex 
appearance.
4.1.2 Quantification of Radioactivity By Liquid Scintillation Counting [147,148]
In liquid scintillation counting, the p-particle ejected in the decay of tritium
^  3Re + %
1 2 -1
is converted into a photon and detected by a photomultiplier. This process is laiown as 
seintillation and it operates by transferring the energy of the p-emission to a 
scintillator solute (usually 2,5-diphenyloxazole or 'PPO'), whieh in turn transfers this 
energy to a fluorescent solvent (normally toluene). When the solute molecules return 
to the ground state, a quantum of light in the visible region is emitted and is detected 
by a pair of photomultiplier tubes.
The effieiency of liquid scintillation counting varies between isotopes. Tritium is a 
relatively weak P-emitter with a counting efficiency of about 50%. This efficiency (E) 
is defined as the ratio of the number of counts observed to the number of 
disintegrations taking place in the sample:
127
E = CPM (observed counts per minute)
DPM (disintegrations per minute)
The eounting efficieney ean be redueed by quenching, which comes about as a result 
of the transfer o f energy to non-fluorescent solute molecules. This is a problem when 
working with coloured solutions, since quenehing by molecules responsible for colour 
can drastically reduce the count rate to very low levels.
In order to caleulate the total radioactivity of a sample, the counting efficiency must 
be known. This may be measured by placing an external gamma source close to the 
sample to generate Compton electrons, which behave like P-partieles in solution. 
When quenching occurs in the sample, a proportion of the Compton electrons are 
quenched also, and thus the counts due to the external standard are related to the 
counting efficiency. A series o f calibration curves are then constructed by counting a 
series of samples with known radioactivity, containing different quenching factors. 
The total radioaetivity in the sample is given in disintegrations per minute, and is 
converted into the most common radioactive unit, the Curie (Ci) using the conversion 
factor
1 nCi = 2,220 DPM (or 1 Ci = 3.7 x IQio DPS)
The SI unit o f radioactivity is the Becquerel (Bq), which is equal to one disintegration 
per seeond. Although the Becquerel was brought in to replace the Curie, use of the 
latter is still considerably more widespread.
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4.2 Choice Of Substrates For Catalytic Labelling Studies Using Ru(acac)g and 
Other Complexes
A carefiil examination of the proposed ruthenacyclic intermediate made it possible to 
take an orbital approach to this key species in the reaction mechanism. If  the benzoic 
acid is ortho-metallated by the catalyst centre activating the ortho C-H bond, while 
bound to one o f the oxygen atoms of the carboxylate group (Fig. 1), then the entire 
five-membered ring becomes coplanar. This means that the bonding sp^-hybridized 
orbital on the ortho-carbon of the benzene ring is coplanar with the carboxylate group, 
and can form a c-bond with the ruthenium atom. An orbital representation o f the 
intermediate is given overleaf in Figure 2.
Fig. 1 Ortho-metallation of benzoic acid giving 
rise to a five-membered ruthenacyclic intermediate
By disrupting this coplanarity, it should be possible to observe little or no catalytic 
tritiation if such an arrangement is significant. Thus it was possible to investigate this 
by changing the hybridization of the central atom of the acid group attached to the 
benzene ring by using benzenesulphonic acid and phenylarsonic acid as trial substrates. 
Furthermore, by selecting hindered polycarboxylic acids and 4-substituted carboxylic 
acids for study, the importance of steric effects could also be probed. Pyridine-2- 
carboxylic acid was chosen as the heterocyclic carboxylic acid most likely to poison 
the catalyst by coordinating to it, given the affinity ruthenium has for nitrogen donors 
and the possibility of this acid chelating irreversibly to the catalyst via the nitrogen and 
oxygen donor atoms.
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Ru
Fig. 2: Diagram of the atomic orbital arrangement required for the ortho-selective 
activation o f benzoic acid by Ru(acac)g.
(1) A Î . orbital on a coordinatively unsaturated ruthenium atom, with two vacant sites 
in a mutual cis orientation. For an octahedral complex, the choice o f this orbital is 
arbitrary. (2) sp^-hybridised orbital on the activated ortho-carbon atom. (3, 4
and 5) sp^ hybridised orbitals employed in the usual bonding fashion in aromatic and 
carboxylate groups. On (5), the proton is expected to be dissociated, and is therefore 
not shown, conferring a negative charge to the carboxylate group.
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Structures of Substrates Chosen For Catalytic Labelling Studies With Ru(acac),
benzoic acid
O OH
Cl
4-chlorobenzoic acid
OH
OH
OH
OHHO
isophthalic acid trimesic acid
(benzene-1,3-dicarboxylic acid) (benzene-1,3,5-tricarboxylic acid)
O OH O OH
CFs
4-fluorobenzoic acid 4-trifluoromethyibenzoic acid
O OH
ON
4-cyanobenzoic acid
N
OH
picolinic acid 
(pyridine-2-carboxylic acid)
O OH
NH,
4-aminobenzoic acid
OH
o = s = o
benzenesulphonic acid
o
I I
H o — As— OH
phenylarsonic acid
1 3 1
4.3 Materials
All catalysts were synthesised and characterised as described in Chapter 2. In some 
experiments, [Rn(acac)g] from Aldrich was used in place of the laboratory prepared 
form. [RuCl2(PPhg)g] and all the acid substrates were also obtained from Aldrich, 
with the exception of trimesic acid which was obtained from Sigma.
4.4 Experimental
4.4.1 Preparation of Tritiated Acids Using [Ru(acac)g]
Tris(acetylacetonato)ruthenium(III) (50mg, 0.125mmol) and the substrate (typically 
30-50mg, 0.25mmol) were dissolved in dimethylformamide (DMF, 1ml) and 
transferred to a 5ml thick-walled glass vial. Tritiated water, 100 mCi (HTO, 5 pi, 20 
Ci mT^or 20 pi, 5 Ci ml"^) was added, and the vial frozen, evacuated and sealed in a 
flame. The reaction was then allowed to proceed for between 18 and 24 hours at 
110°C in a thermostatted oil bath. After reaction the substrate and catalyst were 
separated by the solvent extraction procedure detailed in 4.4.3.
4.4.2 Preparation of Tritiated Benzoic Acid Using Other Complexes As Catalysts
Since many of the other catalysts have comparatively high molecular weights (>500 
Daltons), and showed much lower solubility in DMF solutions than that of the parent 
catalyst, these experiments were based on a fixed mass o f catalyst (50mg) rather than 
a fixed molar amount. Reaction mixtures were prepared by freezing, evacuating and 
sealing as detailed above for Ru(acac)g.
Dichlorotris(triphenylphosphine)ruthenium(ll) is very air sensitive and was handled 
under a nitrogen atmosphere. The substrate and catalyst were dissolved in
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deoxygenated DMF and then the vial contents frozen, evacuated and sealed in the 
usual way. Fresh RuCl2(PPhg)g dissolves in DMF to give a brownish-orange solution, 
which gives a characteristic oxidation reaction by turning green under insufficiently 
anaerobic conditions [142], thus allowing inefficient sample preparation to be 
detected.
4.4.3 Isolation of Tritiated Acids By Solvent Extraetion
The contents of the reaction vial were poured into hydrochloric acid (4M, 5ml) and 
extracted into ethyl acetate (3x10ml). The ethyl acetate was then washed with distilled 
water (2x2ml) and then extracted with potassium hydroxide (IM , 3x2ml). The 
potassium hydroxide fraction was then acidified with hydrochloric acid (4M) and then 
the neutral carboxylic acid back-extracted into fresh ethyl acetate (3x10ml). These 
ethyl acetate extracts were washed with water (2x2ml) and then dried over anhydrous 
sodium sulphate, the carboxylic acid then being isolated by removing the solvent 
either by blowing to dryness with nitrogen or by rotary evaporation. The radioactivity 
of the recovered sample was determined using a Beckman LS5800 Series liquid 
scintillation counter, by taking a small amount of the sample blended with a toluene- 
PPO scintillant cocktail (5ml).
4.5 Results
Results o f the labelling experiments are given overleaf. Tables 2 and 3 detail the 
specific activities of the strategically chosen acids recovered when catalytically 
labelled with [Ru(acac)g]. Table 4 (page 135) details the specific activities -and 
■melting points of the benzoic acid recovered when labelled with each of the new 
catalysts. The 320 MHz tritium NMR spectra (pages 136-145) show the incorporation 
patterns observed with all the acids which incorporated a significant amount of
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tritium. 300 MHz proton spectra of all o f the unlabelled starting materials, are also 
given.
Table 2. Results o f labelling studies using 5pi HTO (20Ci ml'^) in DMF using Ru(acac)g on
strategically selected acids
Specific activity
Substrate (mCi/mmol)
Benzoic acid 31.1
Isophthalic acid 25.1
Trimesic acid 6.7
Benzenesulphonic acid 0.01
Phenylarsonic acid 1.7
Table 3. Results o f labelling other aromatic acids with 20pl HTO (5Ci ml'O in DMF using Ru(acac),
Substrate
4-Fluorobenzoic acid 
4-Chlorobenzoic acid 
4-Trifluoromethyl- 
benzoic acid 
4-Cyanobenzoic acid 
4-Aminobenzoic acid 
Picolinic acid
Specific activity 
(mCi/mmol) 
8.0 
6.1
2.9
1.8
0.08
0.02
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Table 4, Results o f labelling experiments with benzoic acid, using other catalysts at 110°C for
24 hours.
Specific activity
Catalyst A g (mCi/mmol)
[Ru(acac)g] 31.1
[Ru(3Cl-acac)g] 71.9
[Ru(3Br-acac)g] 52.6
[Ru(3N02-acac)g] 81.0
[Ru(3N02-acac)(acac)2] 35.6
[RuCl2(PPh3)3] 13.2
cis- [Ru(acac)2(PPh3)2] 16.0
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4.6 Discussion
4.6.1 Substrate Variation
The benzenepolycarboxylic acid series (benzoic acid, benzene-1,3-dicarboxylic acid 
(isophthalic acid) and benzene-1,3,5-tricarboxylic acid (trimesic acid)) was 
investigated for catalytic tritiation behaviour as a means of examining the effect of 
steric hindrance p to the carboxylate group. With isophthalic acid only the 2-position 
is sterically hindered, with the 4- and 6-positions free to label in the same a-selective 
manner, while in trimesic the picture is different again.
The structure o f trimesic acid [149] shows that all the carboxylate groups are coplanar 
with the aromatic ring, and thus this would preclude the catalyst centre from any of 
the unsubstituted carbons in the ring if a metallacyclie intermediate were involved in 
the reaction. In solution, the scenario is slightly different in that the earboxyl groups 
rotate around the single C-C bonds and therefore describe a greater sphere of 
exclusion, which would stave off the catalyst centre for the same reasons. Two filled 
van der Waals representations of the trimesic acid molecule are given on the 
following page.
The results from the benzenepolycarboxylic acid series show that there is a 
eonsiderable decrease in the specific activity as the number of carboxyl groups 
increases. Benzoic acid labelled to a specific activity of 31.1 mCi/mmol between the
2- and 6- sites, while in isophthalic acid, which labelled to a specific activity of 25.1 
mCi/mmol there are three sites, two of which are unhindered (as in benzoic acid) and 
one which is hindered.
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Above: trimesic acid viewed down the threefold rotation axis
Below: edge-on view through the m irror plane showing exclusion of the ortho-sites by 
the carboxylate 'a rm s’
The NMR spectra o f isophthalic acid show that the majority o f the label exchanges
into the 4- and 6- sites, producing a singlet in the decoupled spectrum at 8.28 ppm. 
By inspection, incorporation at the 2-position (i.e. that proton sterically hindered by 
the two carboxylate arms), gives an almost imperceptible singlet at 8.68 ppm, which 
is estimated to aceount for about 10% of the overall activity in the acid, so the 
distribution pattern is approximately 10:45:45 % taking the 2, 4 and 6 positions in that 
order. Finally, one might have expected a slight increase in the speeific activity of 
isophthalic acid compared to that of benzoic acid, since the only difference in the 
labelling pattern between the two acids is an additional hindered 2-position in 
isophthalic acid. That there is some reduction in the spécifié activity suggests that 
there may be an additional effect operating. This may in itself stem from the placing 
of a substituent meta- to the first acid group.
In trimesic acid the specific activity was dramatically reduced to 6.7 mCi/mmol 
between three hindered positions. [2,4,6-^H]-trimesic acid provides an unusually 
simple spectrum - one singlet at 8.85 ppm represents the entire incorporation at the 
ehemically equivalent 2, 4 and 6 positions. In this instance, the specific activity is 
reduced by each ring proton being sterically hindered again by the carboxylate arms.
These results, taken collectively, show that the hypothesis of steric exclusion by 
carboxylate groups leading to a diminution in the radioactivity of the labelled 
substrate is a valid one. They highlight the significance of access to ortho-carbon 
atoms in terms of achieving a good incorporation. Any proposal for a reaction 
mechanism based on a metallation process is now fully supported by these findings.
The labelling experiments performed with phenylarsonic acid and benzenesulphonic 
acid illustrate the effect of changing the geometry of the acid group by altering the 
hybridization of the central atom. Both acids incorporated much less tritium than the 
benzoic acid. The incorporation in the phenylarsonic and benzenesulphonic acids was
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0.13mCi (Ag = 1.72 mCi/mmol) and l lp C i (A^ =153 pCi/mmol) respectively. These 
figures show that the radioactivity is reduced to roughly 10% and 1% of the activity of 
the benzoic acid labelled with tritiated water of the same specific activity. Both 
phenylarsonic and benzenesulphonic acid possess tetrahedral acid groups (sp^ 
hybridization), so similar activities might have been expected: the difference could 
therefore be based on atomic and orbital sizes. In benzenesulphonic acid, the 
hybridization employs the 3 s and 3p orbitals, but that in phenylarsonic acid uses the 
larger 4s and 4p orbitals. As a result it becomes much harder for benzenesulphonic 
acid to achieve the orbital overlap necessary for metallacycle formation, while the use 
o f larger orbitals can give rise to greater overlap, even though a tetrahedral geometry 
is not as conducive to ring formation as a planar one. The NMR speetra of these 
acids were not recorded owing to the very low levels of radioactivity incorporated.
The labelling of the 4-substituted benzoic acids produced some simple and more 
interesting results. The labelling of the 4-chloro and 4-trifluoromethylbenzoic acids 
proceeded straightforwardly and the corresponding 2,6-^H compounds were isolated, 
the specific activities of these being 6.1 mCi/mmol and 2.9 mCi/mmol respectively. 
Labelling of the 4-fluorobenzoic acid gave rise to the analogous 2,6-^H-compound, 
only with a noticeably higher specific activity than the others (8.0 mCi/mmol). 
Initially it might have been thought that this acid had dehalogenated to give the 2,4,6- 
acid although fluorine is not normally associated with the eatalytic dehalogenation 
process. The NMR spectra went on to confirm that the 2,6-labelled compound had 
been produeed, as expected. This result could be partly explained by the greater acid 
strength created by the presence of the fluorine atom, and therefore a much-enhanced 
ability to metallate the catalyst. Having said that, clearly the expectation would be that 
the trifluoromethylated acid would have given a similar, if not even greater level of 
incorporation. Nevertheless the link between electronegativity and tritium 
incorporation remains a very prominent one in this ease.
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Picolinic acid (pyridine-2-carboxylic acid) was of particular interest since ruthenium 
has a strong affinity for nitrogen donors [150], and any investigations which might 
lead to coordination of the substrate to the catalyst might have been particularly 
useful. With this acid, the likelihood of irreversible complexation of the acid by the 
catalyst might have been expected, since there is the possibility o f the acid forming a 
chelate ring with the ruthenium atom by coordinating through the nitrogen and 
oxygen atoms [151]. The picolinic acid which was isolated was found to have an 
extremely low specific activity -  0.02 mCi/mmol. A NMR spectrum confirmed the 
conspicuous absence of a significant degree of label in this compound. This very low 
incorporation can be explained to some degree by the presence o f only one possible 
site for the tritium to exchange into. Furthermore, this result might confirm that the 
exchange reaction is sensitive to the geometry of the substrate, as highlighted by the 
use of the phenylarsonic and benzenesulphonic acids. Another example is seen by 
considering the labelling o f the ethyl esters of the furan-2- and furan-3 -carboxylic 
acids using Heys’ [IrH2(Me2C0)2(PPhg)2]BF^ catalyst [41,42]. In this case, the furan-
3-carboyxlic acid was expected to label at the 2 and 4-positions, but only labelling at 
the 2-position was observed. Taking these results as a whole, there is a good case for 
eonsidering the intimate molecular geometries of these compounds when they fail to 
label as expected.
The labelling of the 4-cyano and 4-amino benzoic acids also revealed some 
difficulties in trying to apply the catalyst to compounds possessing nitrogen atoms, 
and these results echo the difficulties encountered with the picolinic acid. The [2,6- 
^H]4-cyanobenzoie acid which was isolated was found to contain a substantial 
impurity, as judged from the NMR spectrum. The decoupled spectrum, which 
reveals a doublet of doublets, suggests that this is another 4-substituted acid. The 
mixture was resolved by fluorescent thin-layer chromatography (silica plates) and the 
two compounds separated by using an ethanol-acetone mixture (50% v/v) as eluent. It 
was not thought possible to have separated the two acids chromatographically given
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the almost micro-scale which would have been necessary, and it would have been 
difficult to detect anything worthwhile on a NMR spectrum. Nevertheless given 
the contents of the reaction mixture it is possible to speculate that the other acid is 4- 
hydroxybenzoic acid, formed by hydrolysis of the substrate. An explanation for this 
might come from the nitrogen-affinity shown by the ruthenium atom coordinating in 
some way, with a subsequent attack by an HTO molecule.
The labelling of 4-aminobenzoic acid, which could be seen as an overlap of labelling 
aromatic acids and aromatic amines also produced an acid of extremely low 
radioactivity. There was also a very poor recovery of this acid from the solvent 
extraction process, which must inevitably result from the numerous possibilities for 
acid-base interactions involved. The work earried out by Hesk showed that aromatic 
amines per se could not be tritiated a -  to the amino group using this catalyst [5], and 
even a carboxylic acid in the presence of one could be observed not to label 
significantly.
4.6.2 Catalyst Variation
4.6.2 (a) Results From the Substituted Acetylacetonate Complexes
The substituted aeetylacetonate complexes derived from the parent [Ru(acac)g] were 
tested as catalysts for the regiospecific tritiation of benzoic acid with the result being 
an increase in the radioactivity of the acids isolated, as shown in Table 3. The 
NMR spectra of the benzoic acid isolated in each case are given on pages 143-145.
Each of the substituted complexes appeared less soluble than -that of the parent 
catalyst in the small amount of reaction solvent and appeared stable under the harsh 
reaetion conditions, with none decomposing in the isolation procedure so that the 
catalyst could be easily recovered from the first extractions with ethyl acetate if
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necessary. This was quite a surprise given the comparatively low activation energies 
associated with carbon-halogen bonds, although part of this stability may come from 
the pseudoaromatic character of the ligand. There was a notable increase in the 
specific activity of the [2,6-^H]-labelled acids isolated using the chlorinated and 
brominated catalysts, as shown in Table 4. Having said that, it must be remembered 
that the experiments were based on the use of a fixed mass of catalyst, rather than a 
fixed molar ratio. On this basis, the chlorinated complex becomes more effective than 
the brominated catalyst. However, the brominated catalyst is more easily obtained in a 
pure form given the experience of purification gained from the work described in the 
previous chapters, so further studies might concentrate on the use of this catalyst.
Use of both the fully and mono-nitrated eatalysts led to the isolation of the 
corresponding [2,6-^H]-labelled acids as shown in the ^H-NMR spectra. Given the 
strong electron-withdrawing power of the nitro groups, it was envisaged that if  either 
were to be unstable or decompose under the reaction conditions, then the fully- 
nitrated complex would be most susceptible to decomposition. Again, both appeared 
stable under the reaction conditions, with the fully-nitrated catalyst giving benzoic 
acid of comparable radioactivity to that of the chlorinated catalyst (typically 7-8 mCi). 
The mono-nitrated catalyst gave benzoic acid of similar radioactivity to that of the 
parent catalyst (typically 1 - 1 . 5  mCi). All experiments with the labelling of benzoic 
acid led to the isolation of about 10 mg of the final ^H-acid, which would suggest that 
about two-thirds of the benzoic acid is lost through the solvent extraction process, 
showing it to be quite inefficient.
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4.6.2 (b) Results From the Ruthenium(II) Complexes [RuCl2(PPhg)g] and cis- 
[Ru(aeac)2(PPhg)2]
The use o f the mthenium(II) catalysts proved much more enlightening in terms of 
their ability to throw light on certain aspects of the reaction mechanism, or specific 
properties (or not) o f the parent catalyst.
The use of both ruthenium(II) catalysts also led to the isolation of ^ H-labelled benzoic
f ix O A  fb u tjA c l
acid, though of slightly less radioactivity found in the acid than that when 
tris(acetylace^tonato)ruthenium(III) was used. Typically the total radioactivity of the 
acid isolated was just over 1 mCi.
[RuCl2(PPhg)g], the ruthenium analogue of Wilkinson^ catalyst, was included in the 
catalytie trials for several reasons: firstly, the known background of aryl-ruthenation 
with low-oxidation state complexes hinted at possible catalytic behaviour [142], as 
well as an already proven application to labelling reactions in other areas [55-57]. 
Secondly, this ruthenium(II) complex has an unusual structure in so far as it consists 
o f a penta-coordinated ruthenium atom in a distorted square pyramidal environment. 
In the solid state, the sixth site is blocked by the approach of an aromatic proton on 
the triphenylphosphine ligand [152], which essentially leaves an accessible site in 
solution. Coupled to this is the possible ^ra^^'-effect of the triphenylphosphine ligands 
whieh can therefore promote the loss of labile chloride ion, increasing the number of 
free sites still further.
The result was that RuCl2(PPhg)g also catalysed the regiospecific tritiation of benzoic 
acid, and is thus a logical extension to the 98% ortho-deuteration of benzoic acid 
which was observed by Lockley [57]. However, Lockley did not observe the 
formation of the yellow product which was characterised as the ruthenium(I) complex
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[Ru(PhC02)(PPhg)2(HT0)2] in crystal structure 3.16 (page 117). A comparison of the 
two reaction stoichiometries and conditions is given below in Table 5.
Table 5. Comparison o f the reaction conditions and stoichiometry between Lockley's deuteriation work 
using dichlorotris(triphenylphosphine)ruthenmm(II) [57], and this work.
Previous work [57] This work
Mass o f PhC02H 75mg 30mg
Mass of RuCl2(PPhg)g 30mg 50mg
Volume of DMF 1500pl lOOOpl
Volume of isotopic pool 750pl (50%) 5pi (0.5%)
(% of reaction solvent)
Temperature 107°C 110°C
Reaction time 18 h 18 h
Reaction vial conditions Unevacuated and serew-topped Evacuated and sealed
Table 5 highlights the differences in the reaction conditions, the main one being that 
this experiment was carried out in the absence of air, which was probably responsible 
for the reduction which has been observed. However, in the current work the catalyst 
is in greater excess and the volume of the isotopic pool is considerably smaller.
The isolation of the yellow ruthenium(I) species, which was found to have a specific 
activity of 10.2 Ci/mole, throws new light on three key areas of the reaction 
mechanism: solvation of the catalyst, the occurrenee of reduction, and interaction with 
the benzoate anion. These aspects of the reaction mechanism are discussed in detail 
later on. Evidently, the isolation of the yellow species containing bound HTO 
molecules accounts for some of the label being ‘tied up’ so that less was available for 
ineorporation into the benzoic acid. Also, using the ratio of catalyst:benzoic acid 
detailed here leads to the decomposition of [RuCl2(PPhg)g] so that it does not in the
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truest sense allow the recovery of the catalyst which is the chief principle behind the 
action o f homogeneous catalysts.
By crossing the [Ru(acac)g] catalyst with the [RuCl2(PPhg)g] it was proposed that 
some new 'hybrid catalysts' could be prepared, leading to the synthesis of cis- 
[Ru(acac)2(PPhg)2] which possesses ligands common to the other two main catalysts. 
(It was not possible to isolate the /raw-isomer.) This was in turn applied to the 
catalytic tritiation and also proved successful in ortho-tritiating the benzoic acid. This 
result alone suggests that there is no special reason for the catalytic activity of 
[Ru(acac)g] either in terms of the oxidation state of the metal or in it s ligand 
reactivity. One frustrating disadvantage of this catalyst is that it appears to undergo 
isomérisation to the thermodynamically unstable dark green trans-homQx in ethyl 
acetate when the catalyst is separated from the system by solvent extraction.
Another reason for testing both of these ruthenium(II) complexes as potential catalysts 
was to examine any variation in catalytic activity with the nature of a possible 
reduction-oxidation couple within the catalytic cycle, with possible reductions being 
any of the following types:
(a) Ru3+(d5)---------->Ru^+(d6);
(b) Ru3+ (d5)--------- >Ru+ (d7) or
(c)R u2+(d6)-------^Ru+(d7)
Ruthenium is a 4d metal and thus the electronic configurations are expected to be low- 
spin in each case. Therefore reduction (a) corresponds to the one-electron reduction 
necessary to give a spin-paired (t2g)  ^ configuration, while reductions (b) and (c) are 
processes which exceed the most stable (t2g)  ^ state and lead to a net destabilization in 
crystal field strength by forcing an electron into an energetically unfavourable e 
orbital. Thus the use of a ruthenium(II) complex might be expected to give a more
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favourable result than a ruthenium(III) complex if a reduction to the monovalent state 
was necessary therefore facilitating (c), or, if  a reduction to Ru(I) was not necessary, 
(a). The validity of reduction (b) is difficult to gauge, although it would appear 
unlikely, since it involves adding electrons to t2g and e orbitals and as a result the 
formation and subsequent destabilisation of the most stable (t2g)  ^state.
The fact that both of the ruthenium(II) complexes proved to be catalytically active for 
the tritiation reaction suggests that ruthenium(II) is at least involved in the catalytic 
cycle, although it does not add very much further information on the catalytic cycle 
beyond that. The likelihood is that any reduetions occurring in the catalytic cycle are 
one-electron reductions with the [Ru^^^(acac)g] and associated eatalysts operating via a 
Ru(II) intermediate and complexes such as [Ru^^Cl2(PPhg)g] and cis- 
[Ru^^(acac)2(PPhg)2] proceeding via a Ru(I) intermediate, which would be backed up 
by the diaquoruthenium(I) eomplex characterised in crystal structure 3.16.
4.7 Discussion of Key Aspects of the Reaction Mechanism
In considering the reaction mechanism there are three processes which must be 
addressed. These are:
(i) the solvation of the catalyst;
(ii) the nature of any reduction occurring in the catalytie cycle;
(iii) the meehanism of metallation and it s role in the interactions with benzoic acid 
This discussion will attempt to rationalise these steps in turn.
4.7.1 Solvation of the Catalyst
Unlike many transition metal complexes which function as catalysts, [Ru(acac)g] does 
not possess a ligand which dissociates with preferential or obvious ease; nor does it 
contain any labilising ligands which might promote such behaviour. In fact, it is
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composed solely of chelating, charged, bidentate ligands which would appear to 
confer an unusual degree of stability in solution.
Because these regioselective catalysts must interact with the benzoate anion in such a 
way as to activate the ortho site in the ring, it appears necessary for two cz^'-oriented 
vacant sites to be generated during the catalytie cyele. There is now proof, from 
crystal structure 3.16, that two HTO molecules can coordinate to the catalyst in such a 
way. Even though the diaquoruthenium(I) eomplex was derived from catalytic trials 
using [RuCl2(PPhg)g], there is no reason to believe that the catalytic cycles of 
[Ru(acac)g] and [RuCl2(PPhg)g] are different since both accomplish ortho-tritiation of 
benzoic acid. However, what will almost certainly differ are the ways in which the 
cycle is reached in terms o f  ligand dissociation.
Metal eomplexes of acetylacetone are known to be acid-sensitive [93], owing to 
protonation o f the bound ligand which can then cause these complexes to dissociate in 
several different ways [153-155]. Chakravarty and Adhikari have recently 
investigated the hydrolysis of ruthenium P-diketonate complexes in water-acetone 
mixtures in the presence of para-toluenesulphonic and nitric acids [156]. Results 
suggested that the acid-catalysed decomposition of [Ru(acac)g] follows both linear 
and square-dependent pathways, eventually leading to the complete loss of one 
aeetylacetone ligand.
The reaction investigated here takes place in DMF with tritiated water forming less 
than 1% of the reaction solvent, so self-ionisation processes of the types
2HT0 CL ^  H2TO+ + OT- or 
2HT0 ^  HT2O+ + OH-
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seem an unlikely occurrence. However in the presence of benzoic acid, which must be 
present as the dissoeiated form to bind to the catalyst, coordination of the dissociated 
proton might well lead to the following initial steps:
C5H5CO2H ^  CgH;C02- + H+ (1)
HTO + H+ ^  H2TO+ (2)
Thus in accordance with equations (1) and (2), there is a means of providing the anion 
of the acid required for binding to the catalyst, and a means of hydrolysing the catalyst 
to displace a protonated acetylacetone ligand, with H2T0^ reverting to HTO in the 
process and then solvating the catalyst with tritiated water. This, coupled to the well- 
known énolisation equilibrium, would account for the observation of traces of tritium 
being incorporated into the catalyst since the protonating species could be either H^ or 
T^. When tritium is employed as the isotope, about 40pCi are incorporated between 
the three y-sites. A 46MHz ^H NMR spectrum of [Ru(acac)g] recovered when the 
corresponding deuteration of benzoic acid was performed, is shown overleaf. The 
signal at 4ppm is consistent with that o f the corresponding ^H spectrum.
It is also interesting to note that Chakravarty and Adhikari report that the acid- 
catalysed dissociation of the complex [Ru(hfae)g] (where hfac = 1,1,1,5,5,5- 
hexafluoroacetylacetonate) exhibits only a linear dependence on acid concentration 
[155] sinee in previous kinetic investigations into the detritiation of benzoic acid with 
[Ru(hfac)g] no detritiation could be observed [5]. This may well be a reflection of 
[Ru(acac)g] being solvated by two water molecules but [Ru(hfac)g] by only one [156].
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46 MHz NMR spectrum (in d-chloroform) of the Ru(acac)g catalyst recovered from a catalytic 
deuteriation o f benzoic acid using D2O.
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While it is now proven that HTO can solvate these catalysts, DMF could still play a 
significant role in the reaction. DMF can act as a weakly-coordinating oxygen-donor 
ligand and DMF complexes of ruthenium(II) [157-159] and other transition metals 
[160-163] are known. Even if  the catalyst is only briefly solvated by DMF, it may be 
significant in terms of a secondary solvation shell, especially if tritiated water solvates 
the catalyst more strongly.
4.7.2 Possible Reduction in the Catalytie Cycle
Previous speculation [5] has been concerned with the nature o f a reduction step in the 
catalytic cycle, especially in the apparent absence of a reducing agent in the reaction 
process. There are several pieces of evidence which suggest that a reduction could still 
occur in the absence of a chemical reductant:
(i) experience with the ruthenium blue synthesis has shown that under an inert 
atmosphere (nitrogen, argon or vacuum), Ru(III) can be reduced to Ru(II), and further 
to Ru(0) [90]. Similarly, the preparation of [RuCl2(PPhg)g] may proceed by a facile 
reduction of the trivalent chloride under inert conditions [164];
(ii) the application of [RuCl2(PPhg)g] as a catalyst for this reaction has given rise to 
the formation of a ruthenium(I) complex (crystal structure 3.16), in vacuo, and
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(iii) finally, the rhodium trichloride catalyst, which exhibits the same regio selectivity 
[5], has also been observed to deposit metallic rhodium during the reaction.
These are consistent signals for a reduction step, with Ru(III), Ru(II) and Rh(III) all 
giving observable reductions in the absence of a chemical reductant. Therefore, it 
seems likely that performing the reaction in vacuo is enough to initiate a catalytic 
cycle which includes a reduction step.
4.7.3 The Mechanism of Metallation and Interactions of the Catalyst With 
Benzoic Acid
Metallation is anticipated as a step in this reaction as an explanation for the ortho­
selectivity which these catalysts accomplish. Cyclometallation, in which the metal 
atom forms part of a ring, is believed to play an important part in a large number of 
catalytic cycles [165-168]. Often cyclometallation is accomplished by the metal 
already being bound to a suitable donor atom (sometimes heterocyclic) and then 
binding again to another atom in close proximity. This is often the case when 
crowding occurs and rotation is limited. Metallation processes for regiospecific 
aromatic labelling, where group 1 metals are used to prepare metal-aryl derivatives 
have also been reported [169].
The metallation of benzoic acid and other closely-related species has been observed 
by Maitlis and co-workers [170,171] using iridium and rhodium complexes but not 
ruthenium. As both iridium and rhodium complexes have been shown to catalyse 
similar labelling reactions to those under investigation here [38,41-43,45-54], there is 
no reason to suggest that ruthenium should not behave in a similar way, since any 
electron-rich metal centre should be able to metallate an organic compound [172]. An 
unreduced derivative of [Ru(acac)g] appears an unlikely possibility for metallation. 
However while a rare example of a metallated ruthenium(III) complex has been
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isolated [172,173], a cyclometallated mthenium(I) complex with an acetylacetone 
ligand has also been reported [174].
An ever-increasing number o f ruthenacycles are now being isolated with oxygen [174- 
180] and other donor atoms [181-185]. Chakravarty has detailed the ruthenation of 
azophenol giving rise to a ruthenium(III) complex [173]. McGuiggan has reported a 
ruthenacyclic complex of acetophenone [175], while other recent papers have shown 
that in the presence of the ruthenium(O) catalyst [RuH2(C0)(PPhg)g], ortho-selective 
electrophilic substitution of acetophenones is made possible [176-178]. This process 
is postulated to proceed via ruthenation, probably giving rise to a species similar to 
that reported by McGuiggan. Finally, a ruthenium complex of a planar aromatic 
enolate has been characterised crystallographically by Hartwig [179], the structural 
geometry of which is very similar to that proposed for the ruthenacyclic intermediate 
proposed for this reaction.
4.7.4 Proposal of A Reaction Mechanism
The mechanism shown on the page 163 is now proposed for the regiospecific tritiation 
of benzoic acid using [Ru(acac)g].
Step (1) shows the proton transfer from benzoic acid to tritiated water, leading to the 
formation of the acid anion and the H2T0^ ion. Following this, the H2T0^ ion attacks 
the catalyst at the metal-oxygen bond leading to the six-coordinate species 
Ru(acac)2(acacH)(HT0); a similar rupture leads to the loss of one entire ligand and 
the formation of the cis-diaquacomplex (steps (2) and (3)). It is imperative that two 
sites in a cis-orientation are solvated, because the catalyst must accommodate both the 
metallation and isotope exchange steps in rapid succession. The cis-diaquacomplex is 
expected to contain ruthenium(II), corresponding to a one-electron reduction (cf. the
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yellow diaquaruthenmm(I) complex which has been characterised crystallographically 
in Chapter 3).
The benzoate anion is thought to coordinate to the ruthenium atom by displacing one 
o f the HTO molecules and at this stage the metal atom should be midway between the 
+2 and +3 oxidation states, as the carboxylate charge is delocalised (step (4)). With 
the remaining HTO molecule in close proximity to the acid anion, it is proposed that 
attack of the non-coordinating lone pair on the oxygen atom abstracts the ortho­
proton, leading to a transition state which comprises a partially metallated acid and a 
partially metallated H2TO molecule (step 5). Transfer of the isotope is expected to 
take place as a result o f rapid rotation around the ruthenium-oxygen bond, and tritium 
exchanging into the ortho-position in place of the non-isotopic form (step 6).
Finally, one nuance o f the reaction mechanism which may need some consideration is 
how the benzoate anion coordinates to the catalyst in the first instance. One possibility 
is that a Tc-complex of some degree of hapticity is formed with the ring, as ruthenium 
has a comprehensive Ti-arene chemistry [186,187]. This could then coordinate via the 
oxygen atom after undergoing a swift rearrangement from a 71-arene complex to a 
metal-oxygen a-complex. Such a rearrangement could proceed through the entirely 
conjugated system of delocalised 71-electrons and carboxylate electrons, in a manner 
similar to Garnett’s Ti-allyl rearrangement for the labelling of n-propylbenzene [34].
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_ _  _ ________ AcidUsingRu(acac)g   ________ ___  ____
C^HcCO^H + HTO—  ' ^ + HgTO""
CH.
O
/
\ O
CH.
I
CH.
(acac)
HO
HT( CH.
2 , 3
CH.
OHT
Ru
H.C
CH.
+ HTO
CH.
OHT
Ru
H,C
CH.
4
CgHgCOg-
CH.
H.C
OHT
Ru
OHT
H.C
+ acacH
CH.
H.C
OH.
Ru
H.C
CH.
4.7.5 Comparison of the Tetraehloroplatinate(II) and Ruthenium 
Acetylacetonate Mechanisms
Garnett’s mechanism for the tetrachloroplatinate(II)-catalysed labelling of benzene 
(shown on the following page), commences with a solvation step, which also formed 
an important part of Hesk’s original proposal for the catalytic action of the ruthenium 
complex [5]. Given the evidence that we now have with the cis-diaquoruthenium(I) 
complex, the formation of a disolvated intermediate can be proposed with even more 
confidence.
The next important step in the reaction mechanism is the complexation of the benzene 
with the solvated form of the catalyst. This forms the rate-determining step, and on 
the basis of Hesk’s work an analogous rate-determining step also takes place with the 
[Ru(acac)^] catalyst. The actual exchange process postulated for the 
tetrachloroplatinate(II) catalyst is based on the proximity of the coordination site of 
the label source to a suitable site on the substrate. But, despite an increasing 
awareness of the possible metallation processes, exactly what the spatial relationship 
is between the benzoic acid and the HTO molecule still remains unclear as far as the 
reactivity of the ruthenium complex is concerned.
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Garnett’s Mechanism For The Catalytic Deuteration o f Benzene Using the 
Tetrachloroplatinate(II) Complex
P t C I
2 - S t e p  A
P t C L S  * C l
P t C I ^ S
S t e p  B
p F s
Cl
C l — P t
I
Cl
A
y - S__ 2:^^ --- Cl —
S t e p C
Cl
I
P t
I
Cl
f
2 -
C1— P t Cl— Pt
2 -
01— P t
4.8 Kinetic Studies On the Detritiation of Benzoic Acid
The reaction RT + H2O RH + HTO
was performed using tritiated benzoic acid at trace level (<10'"  ^M) which results in the 
normal second-order rate expression reducing to a pseudo-first order one:
Rate of detritiation -dfSI = k2[catalyst][S] where S is the tritiated substrate 
dt
Since the concentration of the catalyst is very large compared to that of the substrate
id[^=kobs[S] (1) 
dt
where [S] is a measure of the radioactivity of the tritiated substrate.
Integration of (1) gives In ([SJ/[SJ) = -k^y^.t
where [S J  and [SJ represent the radioactivity o f the substrate at times t=0 and t 
respectively.
Alternatively, the expression can be arranged to give ln[S^-S J  = -k j^^ .^t
where S^ is the radioactivity of the substrate at infinite time (or more than ten half- 
lives). Hence a plot of ln[S^-S J  against t will give a straight line with a slope of -k^y  ^
from which k2 can be easily calculated.
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4.8.1 Detritiation of [2,6-^H]Benzoic Acid By Rn(acac)g
Ruthenium acetylacetonate (996mg) was made up to 25ml in a volumetric flask, with 
a mixture of dimethylformamide (DMF) and water in a 7:1 v/v ratio, to give a 0.1 OOM 
catalyst solution. The catalyst solution was kept in a hot oil bath to ensure complete 
dissolution. Investigations at other catalyst concentrations were made by diluting this 
stock solution appropriately.
Each kinetic run with 0.1 OOM catalyst was then performed by pipetting 5ml of the 
catalyst solution into a screw-topped tube and adding a trace (200pl) of a dioxan 
solution o f tritiated benzoic acid. After shaking the tube, it was then placed in a 
thermostatically controlled oil bath at 110°C.
Samples of the reaction mixture (200pl) were then taken at various time intervals, and 
were partitioned between toluene (10ml) and HCl (2ml, 3M). After the two layers had 
separated, the toluene layer was pipetted off and dried over anhydrous sodium 
sulphate. Samples of the dried layer (200pl) were taken and blended with a toluene- 
diphenyloxazole liquid scintillant (5ml) in a disposable plastic counting vial to 
determine the radioactive content o f the benzoic acid.
A plot of In(DPM^-DPM^) (since radioactivity is proportional to substrate 
concentration) against time (in hours) was made, with the pseudo-first order rate 
constant k^y  ^ obtained from the slope by the method of least squares. The second 
order rate constant k2 was obtained by dividing k^y  ^by the catalyst concentration.
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4.8.2 Detritiation of [2,6-^H]Benzoic Acid Using The Ru(3X-acac)3 Catalysts 
(where X is Cl, Br, I and NO^)
These detritiation reactions were performed using the catalyst at 0.01 OM 
concentration, since their solubility in DMF is much lower than that of the parent 
catalyst. Catalyst solutions were kept in a hot oil bath to ensure complete dissolution.
Typical Calculation o f  a Rate Constant
Detritiation of [2,6-^H]Benzoic Acid By 0.100 M Ru(acac)g in 7:1 DMF:H20 (v/v) 
The following results were obtained:
Time t (hrs) DPM^ DPM fD PM ^
0 84,590 84,190 11.341
3 98,290 97,890 11.492
6 61,950 61,550 11.028
8 56,520 56,130 10.935
20 41,030 40,640 10.612
22 35,000 34,600 10.452
24 29,610 29,220 10.282
26 23,110 22,710 10.031
CO (mean) 400
gradient of graph m = -4.62 x 10'^ hr"  ^
k^yg = 4.62 X 10-2/(60 X 60) = 1.3 x lO'^s"^
^2 ^  kQyg/[Ru(acac)3] = 1.32 x lO' /^O.lOO = 13.2 x lO'^mol'^ dm  ^ s 'f
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4.8.3 Regression Analysis and Presentation of Data
Linear regression analysis was performed on the kinetic data using the computer 
program LINRl written by Dr. G. J. Buist for the departmental computer network. 
The numerical data accompanying each plot includes the gradient m and the 
correlation coefficient which are taken from the same program, and k^y  ^and k^ which 
are calculated from the gradient. The data are presented as plots prepared in Excel 4.0 
with the least-squares line added manually to agree with that calculated in L IN R l.
4.8.4 Results
The results of the detritiation experiments follow on pages 170-175. The iodinated 
complex was still insoluble at 0.01 OM concentration, and as complete dissolution 
could not be achieved, even at higher temperatures, this complex was not used.
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4.8.5 Discussion
The results of the detritiation experiments using the new catalysts are shown in 
graphical form on pages 170-175. A summary of the rate constants is also given 
below in Table 6, which includes mean values for k2 calculated from the data obtained 
for each catalyst.
Table 6. Summary o f second-order rate constants obtained from the detritiation reactions using the
substituted catalysts.
Catalyst and concentration
[Ru(acac)g] [0.1 OOM] 
[Ru(acac)g] [0.01 OOM] 
[Ru(3Br-acac)g] [0.01 OOM] 
[Ru(3Cl-acac)g] [0.01 OOM] 
[Ru(N02-acac)g] [0.01 OOM] 
[Ru(acac)2(N02-acac)] 
[O.OIOOM]
Second-order rate 
constant,
(x 10^ mol'^ dm^ s'^)
6.6, 7.6
8.1, 9.7
86.3, 87.6
106.8, 128.6
151.3, 174.2
29.1,32.2
Average second-order 
rate constant 
(x 10 ^ mol'^ dm^ s~^ )
7.1 t  0.5
8.9 ± 0.8
87.0 ± 0.7
117.7 Î  11.1
162.8 t  11.5 
30.6 Î  1.6
The results clearly show an increase in the second-order rate constant with increasing 
negative inductive effect. The general trend is that the rate of detritiation decreases in 
the substituent order NO2 > Cl > Br > H, when these substituents are introduced into 
the 3-position of the catalyst.
There is a considerable increase in the rate of detritiation even in using the brominated 
catalyst; almost an order of magnitude is observed (mean k^ 87.0 x 10'^ mol’  ^ dm^ s"^  
compared with 8.9 x 10'^ mol'^ dm^ s‘  ^ for the parent catalyst.) This is a very large 
increase but in effect it results from the three halogen atoms, each draining electron
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density from the ruthenium atom in mutually orthogonal directions. This 
destabilisation of the bonding within the catalyst goes some way to explaining why 
there is such a great increase in the rate of reaction on introducing substituents. 
Similar and much stronger effects are also shown with the chlorinated complex (mean 
k2 117.7 X 10"  ^ mol"^ dm ^s ‘ )^ and the fully-nitrated complex (mean k^ 162.8 x 10"  ^
mol'^ dm^ s'^).
Detritiation with the mono-nitrated complex was also performed at 0.0lOM as one 
substituent was found to alter the solubility characteristics considerably. The rate 
constant of detritiation of the labelled acid was slightly higher than that o f the parent 
catalyst at 30.6 x 10'^ mol'Mm^s'^ In using this catalyst, it becomes important to 
question whether the single nitro-group destabilises its own ligand and dissociates 
from the catalyst, or whether the destabilisation effect causes a labilisation of either of 
the unsubstituted ligands. It could be envisaged that two ligands dissociate from the 
catalyst, providing three or four coordination sites (dependent on whether a second 
acetylacetone ligand is fully dissociated or not). This would satisfy the requirements 
for the metallation process (requiring two coordination sites) and the necessity for 
coordinating tritiated water, as seen in the yellow species isolated from the trials with 
[RuCl2(PPh3)3].
The reaction is not the easiest one to follow and there is some scope for error. There 
are two lots of sampling necessary for each point, one from the reaction vial and then 
again from the dried toluene layer. There are also the long reaction times (typically 40 
hours), which make consistently regular sampling throughout a problem and finally, 
there is the possibility of events happening in the vapour phase at such a high 
temperature.
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4.9 Conclusion
The regiospecific labelling of benzoic acid has been probed by taking a number of 
different approaches to it, to obtain further information on the reaction mechanism. 
One way included choosing to study the labelling behaviour of benzenepolycarboxylic 
acids which gave rise to a desirable steric hindrance through the presence of 
appropriately placed carboxylate arms. The overall results showed that such hindrance 
precluded attack of the catalyst centre on any position ortho- to the carboxylate group, 
and this was borne out by a considerable reduction in the specific activity of the acids 
produced.
Considering the problem in terms of molecular orbital overlap, attempts were made to 
disrupt the planarity of the proposed five-membered cyclometallated intermediate by 
changing the nature of the acid group. Substituting benzoic acid for phenylarsonic 
acid and benzenesulphonic acid resulted in a considerably lower incorporation of 
tritium; these results confirm the selectivity of the ruthenium-acac catalyst to benzoic 
acids, while also supporting the formation of a coplanar ring structure which could be 
envisaged for the proposed ruthenacyclic intermediate.
A number of 4-substituted benzoic acids have also been successfully labelled, 
extending further the applicability of the catalyst to substituted benzoic acids. 4- 
Fluorobenzoic acid showed a particularly marked propensity for labelling, as judged 
from the specific acuities obtained. Attempts to label pyridine-2-carboxylic acid with 
tritium showed a disappointing intake of tritium, and in light of other results with 
heterocyclic carboxylic acid derivatives with a similar catalyst [41] this would suggest 
that the reaction might be sensitive to the molecular geometries involved. This, and 
the results of the labelling of 4-cyanobenzoic acid, might also suggest that the use of 
the ruthenium complex is best avoided as far as nitrogen-containing molecules are 
concerned. In spite of the ruthenium atom not coordinating to any nitrogen atoms 
(catalyst poisoning), their presence does seem to upset the otherwise straightforward 
action of the catalyst.
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A total of seven new complexes have now been identified as useful for the 
regiospecific labelling of benzoic acid, including the complexes cis-[Ru(acac)2(PPh3)2 
and [RuCl2(PPh3)3]. Use of the latter consistently gave rise to the formation of an 
unusual but very significant product, which was formulated (from crystallographic 
analysis) as [Ru(HT0)2(C^HgC02)(PPh3)2]. This is a reduced and solvated species 
which provides indisputable evidence for the occurrence of both of these processes. 
Both the ruthenium(II) catalysts tested gave rise to the ortho-labelled acid, but only of 
a similar or slightly lesser level of radioactivity and specific activity to that of 
[Ru(acac)3]. Based on this information, a new reaction mechanism for the [Ru(acac)3] 
catalyst has been proposed which sets out with more confidence the earlier steps of 
solvation and reduction. The mechanism proposes that the reaction takes place via a 
one-electron reduction, proceeding through a species of the formula cis- 
[Ru(acac)2(HTO)2]. All of the ruthenium(III) complexes derived from the parent 
catalyst were stable under the reaction conditions, but the ruthenium(II) complexes 
remain unsuitable either for kinetic investigation or recovery in terms of their stability 
in solution.
The kinetic investigations which have been made with the ruthenium(III) catalysts 
show that the presence of three electron-withdrawing substituents can increase the rate 
o f detritiation of a tritium-labelled benzoic acid by one order of magnitude, which is a 
very significant result. The upshot of this is that the substituted catalysts, and in 
particular [Ru(3N02-acac)3], should prove useful in the future for labelling (more 
sensitive) substrates at lower temperatures.
179
Conclusion
This research has been successful in identifying a number of new catalysts for the 
regiospecific tritiation of benzoic acid, most of them based on the parent catalyst, 
Ru(acac)g. However, discovering that both RuCl2(PPh3)3 and cA-Ru(acac)2(PPh3)2 
also catalysed the regiospecific tritiation reaction shows that there is nothing 
particularly unique about the parent catalyst, and any doubts about the stereoregularity 
o f the complex have been eliminated by X-ray crystallography.
Choosing to study the tritiation behaviour of a variety of different acids with different 
types o f structural variation has been very useful in providing inferences about the 
reaction mechanism, whether in terms of steric hindrance, geometry or sensitivity on 
the part of the catalyst. Some of these principles may remain useful for future work.
Use of the five-coordinate catalyst RuCl2(PPh3)3 proved particularly enlightening, as 
it led to the isolation of a reduced and solvated species. Being able to characterise it as 
a ruthenium(I) complex by crystallography provides undeniable and valuable 
evidence for the occurrence of these reaction processes.
The presence of substituents at the 3-position on the parent catalyst does increase the 
rate o f detritiation, by at least one order of magnitude. One difficulty which was not 
fully appreciated at the outset of this work was that catalyst solubility would decrease 
so much upon modification. Thus chemists working in this area in the future are likely 
to be faced with the difficulty of striking a balance between the homogeneity and 
efficacy of the catalyst.
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Suggestions For Future Work
There are quite a few directions in which this work could be taken, although without 
preparing the 2,4-substituted p-diketonato complexes developing the ruthenium 
chemistry still further could prove difficult. A thorough survey of stability constant 
data [188-190] revealed that none have been reported for ruthenium(III) P-diketonate 
complexes, including Ru(acac)g; this has also been confirmed by other researchers 
[156]. It could be that the first dissociation is particularly significant, and this is 
cetainly worth investigating further.
Another area currently of interest is that of polymer supported catalysts, which have 
previously been used for catalytic tritiation [191-193]. Past work has concentrated on 
supported acid and base catalysts, and as some not too dissimilar ruthenium 
complexes have been supported by other workers [194], this might form a logical next 
step in this area of work.
if
The species which now seems to possess the most scope for development^rhodium 
trichloride trihydrate, particularly so now that there is evidence which illustrates its 
capability as a cyclometallating agent [195,196]. The anhydrous form is a very poor 
catalyst for the regiospecific tritiation of aromatic carboxylates in terms of specific 
activity of the final product, and it is thought that the presumed octahedral 
environment of the trihydrate could hold a key to understanding the reaction 
mechanism. The structure of the hydrated form is not known, but the anhydrous form 
is believed to be trigonal [197], possibly with symmetry-related equal rhodium- 
chlorine bond lengths.
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If the gradual introduction o f other labilising ligands such as triphenylphosphine could 
be used to prepare other effective catalysts for the reaction (possibly a series of the 
type Rh(PPh3)^Clg where n = 1-3), then it would be interesting to vary the nature of 
the phosphine ligand itself with a view to constructing a structure-activity 
relationship. Often it is complexes of crowded phosphine ligands which make 
particularly good C-H activators. One of the advantages of phosphine ligands is that 
there are a wide variety available in terms of substituents and denticities, and therefore 
they become useful in the concept of rational design [198], which is becoming 
increasingly important in catalysis [60, 199-201].
Finally, a range of other metal complexes which catalyse isotope exchange, but which 
have not been examined in any great detail, was highlighted in the introductory 
review. These are certainly worth examining more closely. If  a complex of a 3d metal 
could be found to carry out similar catalytic activation in a regioselective fashion, then 
the chemist would not be relying exclusively on the superior but expensive catalytic 
chemistry of the 4d and 5d metals.
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Appendix A
Search queries 1, 2, 3 and 4 written for the Cambridge Database (pp. 43-45)
SEARCH QUERY 1 (PAGE 43)
T1 *CONN BO 1 2 99
ATI TR 4 E BO 2 3 99
AT2 0 2 BO 3 4 99
AT3 C 3 BO 4 5 99
AT4 C 3 BO 5 6 99
AT5 C 3 BO 1 6 99
AT6 0 2 BO 1 7 99
AT7 0 2 BO 7 8 99
ATS C 3 BO 8 9 99
AT9 C 3 BO 9 10 99
ATIO C 3 BO 10 11 99
A T ll 0 2 BO 1 11 99
AT12 C 4 BO 8 12 99
AT13 C 4 BO 10 13 99
ATM C 4 BO 3 14 99
ATI 5 C 4 BO 5 15 99
ATI 6 H 1 BO 4 16 99
AT17 H BO 14 17 99
ATI 8 H 1 BO 14 18 99
ATI 9 H 1 BO 14 19 99
AT20 H 1 BO 12 20 99
AT21 H 1 BO 12 21 99
AT22 H 1 BO 12 22 99
AT23 H 1 BO 9 23 99
AT24 H 1 BO 13 24 99
AT25 H 1 BO 13 25 99
AT26 H 1 BO 13 26 99
AT27 H 1 BO 15 27 99
AT28 H 1 BO 15 28 99
AT29 H 1 BO
END
15 29 99
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SEARCH QUERY 2 (PAGE 43)
T1 *CONN BO 1 2 99
ATI TR 6 BO 2 3 99
AT2 O 2 BO 3 4 99
ATS C 3 BO 4 5 99
AT4 C 3 BO 5 6 99
AT5 C 3 BO 1 6 99
AT6 0 2 BO 1 7 99
AT7 0 3 BO 7 8 99
AT8 C 3 BO 8 9 99
AT9 C 3 BO 9 10 99
ATIO C 3 BO 10 11 99
A T ll 0 2 BO 1 11 99
AT12 0 2 BO 1 12 99
ATI 3 C 3 BO 12 13 99
AT14 C 3 BO 13 14 99
ATI 5 C 3 BO 14 15 99
ATI 6 0 2 BO 15 16 99
AT17 C 4 BO 1 16 99
ATI 8 C 4 BO 3 17 99
ATI 9 C 4 BO 5 18 99
AT20 C 4 BO 8 19 99
AT21 c 4 BO 10 20 99
AT22 c 4 BO 13 21 99
AT23 H 1 BO 15 22 99
AT24 H 1 BO 17 23 99
AT25 H 1 BO 17 24 99
AT26 H 1 BO 17 25 99
AT27 H 1 BO 4 26 99
AT28 H 1 BO 18 27 99
AT29 H 1 BO 18 28 99
AT30 H 1 BO 18 29 99
AT31 H 1 BO 19 30 99
AT32 H 1 BO 19 31 99
AT33 H 1 BO 19 32 99
AT34 H 1 BO 9 33 99
AT35 H 1 BO 20 34 99
AT36 H 1 BO 20 35 99
AT37 H 1 BO 20 36 99
AT38 H 1 BO 21 37 99
AT39 H 1 BO 21 38 99
AT40 H 1 BO 21 39 99
AT41 H 1 BO 14 40 99
AT42 H 1 BO 22 41 99
AT43 H 1 BO
BO
END
22
22
42
43
99
99
195
SEARCH QUERY 3 (PAGE 44)
T1 *CONN 
ATI C 3 BO 1 2 99
AT2 C 3 BO 2 3 99
AT3 0 2 BO 3 4 99
AT4 AA 6 BO 4 5 99
AT5 0 2 BO 5 6 99
AT6 C 3 BO 1 6 99
AT7 0 2 BO 4 7 99
AT8 C 3 BO 7 8 99
AT9 C 3 BO 8 9 99
ATIO C 3 BO 9 10 99
A T ll 0 2 BO 10 11 99
AT12 O 2 BO 4 11 99
AT13 C 3 BO 4 12 99
AT14 C 3 BO 12 13 99
ATI 5 C 3 BO 13 14 99
ATI 6 0 2 BO 14 15 99
AT17 C 1 BO 15 16 99
ATI 8 C 1 BO 4 16 99
ATI 9 C 1 BO 2 17 99
AT20 C 1 BO 6 18 99
AT21 C 1 BO 15 19 99
AT22 c 1 BO 13 20 99
AT23 7A 1 BO 10 21 99
AT24 7A 1 BO 8 22 99
AT25 7A 1 BO 1 23 99
BO
BO
END
14
9
24
25
99
99
196
SEARCH QUERY 4 (PAGE 45)
T1 *CONN
ATI Ru 6 BO 1 2 99
AT2 0 2 BO 2 3 99
AT3 C 3 BO 3 4 99
AT4 C 2 BO 4 5 99
AT5 C 3 BO 5 6 99
AT6 0 2 BO 1 6 99
AT7 0 2 BO 1 7 99
AT8 C 3 BO 7 8 99
AT9 C 2 BO 8 9 99
ATIO C 3 BO 9 10 99
A T ll 0 2 BO 10 11 99
AT12 0 2 BO 1 11 99
ATI 3 C 3 BO 1 12 99
AT14 c 2 BO 12 13 99
ATI 5 c 3 BO 13 14 99
AT16 0 2 BO 14 15 99
AT17 c 1 BO 15 16 99
ATI 8 c 1 BO 1 16 99
ATI 9 c 1 BO 3 17 99
AT20 c 1 BO 5 18 99
AT21 c 1 BO 13 19 99
AT22 c 1 BO
BO
BO
END
15
10
8
20
21
22
99
99
99
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Appendix B
Summary o f the major programs in the Enraf-Nonius Structure Determination Package (SOP), and 
their usage. N.B. Programs marked with an asterisk are set up to run through a user-friendly computer 
dialogue (DIALOG or DIA).
ALPHA
BEGIN
STDPLT
DECAY
PSI
EAC
Creates a 'structure name' file (STRUC.NME) which contains 
simple data such as the molecular formula, unit cell parameters, 
space group, density etc.
Performs the data reduction and corrections on the raw intensity 
data.
Creates a plot of against time for the intensity standard. 
Allows a correction to be made for falling intensity in the 
intensity standard
Plots the intensity of psi-data against azimuthal angle.
Applies an empirical absorption correction based on the psi- 
scans.
NZTEST Carries out a statistical analysis on the intensity data for a centre
of symmetry.
REFLN EW  Used to update the file containing reflection intensity data
(REFL.FOA).
SYSABS Sorts data according to parity groups and summarizes systematic
absences.
ZONES Sorts data into parity groups but gives a reflection-by-reflection
listing of each F^ value.
ROTATE Allows the unit cell axes to be interchanged for non-standard and
standard settings.
R EJEC T  Allows reflections to be rejected on the basis of systematic
absence, record number or intensity.
FOUR* Calculates Fourier and Patterson maps.
198
SEARCH* Searches for bonding contacts within a specified range.
W EIG H T Provides a means of entering weights for weighting schemes.
SEE LSFM : Allows the user to specify least-squares refinement details such
weighting schemes, weighting values; also allows selection or 
omission of atoms from the atoms list.
LSFM  Uses least-squares full-matrix refinement procedure for refining
atomic positions and parameters.
HYDRO Adds hydrogen atoms at calculated positions.
DIFABS Applies an absorption correction in the absence of ijz-scans.
ANALV Analyses variances and provides goodness of fit statistics
ESD* Sets up parameters for distance and angle calculations
ORTEPA Sets up an input file for the ORTEP program.
ORTEPB Runs ORTEP program for molecular and unit cell drawings.
PTABLE Tabulates fractional coordinates and thermal parameters.
BTABLE Tabulates bond distances and angles.
FT ABLE Tabulates all and F^ values.
TORSION Calculates torsion angles between sets of atoms.
PLANE Calculates deviations of sets of atoms from their mean plane.
SEE Produces summary of all crystallographic data required for
publication.
PERFACT Tabulates the 50 worst reflections in terms of F^-F^ discrepancy.
NORM AL Computes normalised structure factors and summarises intensity
statistics. Also provides a check for the scale factor.
MULTAN Applies the tangent formula to calculate sets of possible
solutions.
EXFFT Computes an E-map from a set of normalised structure factors.
DMS Finds coordinates of highest peaks in the E-map and looks for
possible molecular fragments. Also summarises possible 
connectivities.
199
